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ABSTRACT

The objective of this research was to determine the applicability of reactive tracer
data obtained from laboratory tests to larger-scale field settings. Laboratory tracer tests
were used to quantify transport properties in fractured volcanic ash flow tuff from
southern Nevada. In a series of experiments, a pulse containing several ionic tracers was
injected into four tuff cores, each containing one induced fracture oriented along the main
axis. Multiple tests were also conducted at different flow velocities. Transport data from
nonreactive tracers of different diffusivity allowed the separation of the effects of
hydrodynamic dispersion within the fracture and molecular diffusion between flowing
and nonflowing water within the systems, which was presumed to be in the fracture and
bulk porous matrix, respectively. Reactive tracers were also included to estimate the
sorption capacity of the tuffs.

The experiments verified the importance of fracture/matrix and solute/solid
interactions in the fractured tuffs. Using artificial tracers of different physical and
chemical properties in the same test provided unique interpretations of the tests and
minimized uncertainty in transport parameter estimates. Compared to separate field tests
in the rock types, the laboratory experiments tended to overestimate the degree of
diffusive mass transfer and underestimate sorption capacity due to the small scale and

high tracer concentrations, respectively. The first result suggests that geometry



differences between lab apparatuses and field systems precluded the direct extension of
|aboratory-derived transport parameters to field scales. For example, smaller-scale
processes such as diffusion within the stagnant water in the fractures (“free-water
diffusion™), caused by fracture aperture variability, were more important at small time
scales. Because free water diffusion coefficients are larger than matrix diffusion
coefficients, this led to an overestimation of the amount of diffusive mass transfer.
Furthermore, laboratory diffusion cell tests provided independent estimates of matrix
diffusion coefficients for the tracers, and these values were similar to those estimated for
the same tracersin the field tests. Thus, the value of the diffusion coefficients in the
larger-scale field tests appeared to approach their asymptotic “true” values because of the
larger volume of porous rock accessed during tracer testing.

The sorption capacity of the solid material was underestimated in both the
laboratory and field tracer experiments. A fraction of the ion-exchanging tracer (lithium)
moved through the system unretarded because the ion exchange sites on the solid phase
were overwhelmed by the tracer. This happened more so in the laboratory tests due to the
smaller amount of dilution in the system. These results clearly indicate that by injecting
high-concentration tracers during cross-well tests the tracer data can indicate sorption
parameters smaller than those determined under lower-concentration conditions.

These results indicate that one should be cautious when applying laboratory-
derived tracer data to field settings. The use of multiple tracer experiments conducted
over awide range of time scales and injection concentrations will help avoid ambiguity

of the derived transport parameters.
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1. Introduction
1.1. Scope

The Y ucca Mountain Site Characterization Project was established to determine
the suitability of Yucca Mountain, Nevada, U.S.A. as a potential site for the nation’s first
high-level nuclear waste repository. Relevant questions include: if radionuclides were to
breach the artificial and natural containment structures of the potential repository, at what
rate will these materials be transported in the saturated zone underlying Y ucca Mountain?
Which physical and chemical mechanisms will influence the transport time?

To answer these questions, experiments were conducted on rock materials
obtained from the C-Wells complex on the Nevada Test Site, 150 km northwest of Las
Vegas, NV (Figure 1.1). A thorough review of the C-Wells siteis provided by Geldon
[1993]. The motivation of this work was to investigate the applicability of laboratory-
derived matrix diffusion coefficients to field-scale conditions. Because environmental
permitting restrictions preclude the use of radionuclides in field tracer tests, it is
important to understand the scaling relationships between laboratory- and field-derived
parameters for nonradioactive tracers. If such relationships can be identified, more
confidence can be placed on predictions of radionuclide transport based on laboratory

data.



Figure 1.1. Map of Nevada, U.S.A. and photograph of Y ucca Mountain (view to the

southeast). The star on the map indicates the location of Y ucca Mountain.
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Several rock cores were obtained from different stratigraphic horizons (all within

the saturated zone) at the C-Wells site, and a fracture was mechanically induced in each

of the cores. A total of twenty-one transport tests were conducted in the fractured cores.

In each test, atracer solution was injected as a pulse and the effluent concentration was

monitored over the duration of the test.

Multipleionic tracers of different molecular diffusion coefficients were used to

separate the effects of dispersion in the fractures and diffusive mass transfer between the

fractures and porous matrix. The fractured aquifer at the C-Wells consists of volcanic ash

flow tuff units with varying degrees of welding. The aquifer can be modeled as a dual-

porosity system, in which the majority of flow is through fractures with a significant

volume for solute storage in the pores of the unfractured matrix.

The objectives of this study were as follows:



a) determine transport parameters for dissolved tracers in fractured media,

b) determine the applicability of laboratory-derived parameters to field scales,

¢) determine the applicability of parameters obtained under high-concentration

conditions to lower-concentration pollutant situations.

Each chapter of this dissertation is written as a separate manuscript, either
published as atechnical journal article or to be submitted as such. Chapter 2 [Callahan et
al., 2000] provides areview of the theory behind solute transport in a dual-porosity
medium and outlines the tracer data interpretation method. The discussion emphasizes the
advantages of using several single-tracer tests conducted at different flow rates, or ore
multiple-tracer test, to better separate the effects of hydrodynamic dispersion in fractures
and molecular diffusion in the porous matrix. Chapter 3 [Callahan et al., in preparation,
2001a] and Chapter 4 [Callahan et al., in preparation, 2001b] describe a numerical model
that accounts for competing ions in predicting reactive solute transport in single- and
dual-porosity media. Chapter 5 [Callahan et al., in preparation, 2001c] discusses the
apparent relationship between experimental time scale and the magnitude of the mass
transfer coefficient describing solute partitioning between the fracture and matrix in dual-
porosity rock. Finally, Chapter 6 summarizes the conclusions and provides some

recommendations for future studies of solute transport in fractured rock.

1.2. Background
Proper management of groundwater resources requires an understanding of the
processes that cause water contamination and affect the remediation of polluted aquifers.

One way to estimate the potential transport of contaminants is by using tracers, which are



chemicals or particles that can track the movement of water in a flow system such as an
aquifer and are easily detected. Testing involves injecting tracers and then monitoring the
tracer concentrations as a function of location and/or time. Measuring tracers as a
function of location requires a sampling array that covers a representative area of the
system. This alows for monitoring of the spatial distribution of atracer plume over time.
Contaminated aquifers in unconsolidated porous media have been characterized at
numerous field sites using a sampling array method where contaminant plumes migrated
under natural- gradient conditions. Some examples are the Borden site, Ontario [Sudicky,
1986; MacKay et al., 1986; Freyberg, 1986; Roberts et al., 1986]; the Cape Cod site,
Massachusetts [LeBlanc et al., 1991; Garabedian et al., 1991; Brusseau and Srivastava,
1999]; the Columbus Air Force Base, Mississippi [Boggs et al., 1992; Harvey and
Gorelick, 2000]; the Rocky Mountain Arsenal, Colorado [Thorbjarnarson and MacKay,
1997]; and the Vestskoven site, Denmark [Sonnenborg et al., 1996; Engesgaard and
Traberg, 1996]. However, the large number of sampling locations required in an array
often restricts this method to shallow systems. Another field tracer investigation method
involves conducting forced- gradient cross-well tests in which tracer responses are
measured at one location as afunction of time. The transport parameters are estimated by
generating a tracer “breakthrough curve’ (BTC) at the observation point (e.g., the
pumping well) as a function of time (Figure 1.2). Examples of these types of experiments
are the Horkheimer Insel site, Germany [Ptak and Schmid, 1996], Béthune, France
[Garnier et al., 1985; Maloszewski and Zuber, 1990; Moench, 1995], the Lange Bramke
basin, Germany [Maloszewski et al., 1999], the Finng6n research area, Sweden [Kimura

and Munakata, 1992], Funen, Denmark [Sdle et al., 1998; Broholm et al., 2000], the



Chalk River site, Ontario [Novakowski et al., 1985; Raven et al., 1988; Novakowski,
1992; Novakowski and Lapcevic, 1994; Lapcevic et al., 1999], the Stripa Mine site,
Sweden [ Birgersson and Neretnieks 1990; Abelin et al., 1991; Birgersson et al., 1993;
Abelin et al., 1994], the Oak Ridge National Laboratory [Cook et al., 1996; Jardine et al.,
1999], Pahute Mesa, Nevada [Reimus and Haga, 1999], and the Y ucca Mountain Site,
Nevada[Reimus et al., 1998; 1999]. All of the studies above except the study by Ptak
and Schmid [1996] were conducted in fractured rock systems. Because it is difficult to
estimate the location of the fractures, emplacement of a sampling array is usually
inefficient. Point-to-point tracer methods (e.g., crosswell tests) are more easily managed

than sampling arrays and allow for efficient collection of tracer transport data.

Figure 1.2. Examples of tracer breakthrough curves.
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concentration
1 Tracer concentration
at outlet
Relative Small or no retardation
concentration
(CIC,) Higher retardation
O /\
0 t

Time

One of the main factors controlling transport of materials in the subsurface is the
degree of flow heterogeneity. The distribution of hydraulic conductivities or
permeabilities strongly influences the movement of contaminants over large distancesin

porous media. Heterogeneity tends to be greater in fractured rock aquifers, making the



interpretation and prediction of contaminant transport more difficult. Interpretations of
transport responses in fractured aquifers have included several different modeling
approaches, including discrete fracture networks, equivalent porous continuum models,
and dual-continuum ("dual-porosity” or "dual-porosity/dual-permeability”) models
[Neuzl and Tracy, 1981; Narasimhan, 1982; Huyakorn et al., 1983; Moensch, 1984;
Tsang, 1995; Maloszewski et al., 1999; Lichtner, 2000; Callahan et al., 2000]. For the
discrete network model, fracture connectivity is the most important parameter, yet it is
also the most difficult to estimate in the field. In the equivalent porous continuum
approach, transport occurs in a representative equivaent volume (REV) of fractured rock
that is treated as a porous medium with given heterogeneity parameters. In the dual-
continuum approach, solutes are assumed to be advectively transported predominantly in
fractures with a considerable storage volume in the pores adjacent to the fractures, or to
be transported by advection in both the fractures and the pores but at different rates
(Figure 1.3). Regardless of whether solutes are advected within the porous rock
surrounding the fractures, contaminant mass is assumed to access the entire system. Thus,
the two most important transport parameters in the dual-continuum approach are the
advective velocity and the coefficient of mass transfer between the advective and
nonagdvective domains.

Because of the high costs associated with field transport experiments, laboratory
tests are often conducted to study contaminant transport in representative rock samples.
Another advantage to laboratory experiments is the ability to constrain test interpretations

by controlling flow geometry and by isolating the effects of certain transport



mechanisms, which can make the overall process of parameter estimation easier and the

test interpretations less ambiguous.

Figure 1.3. The dua-continuum (dual-porosity or duakporosity/dua-permesability)
model. The variables v; and v, [L T™'] refer to the linear velocity in the fracture and
the matrix, respectively. D, [L* T"] is the coefficient of diffusion in the porous

matrix, and B [L] is the fracture aperture (assumed constant).

Ay
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2. Using Multiple Experimental Methods to Determine Fracture/Matrix
Interactions and Dispersion of Nonreactive Solutes in Saturated
Volcanic Tuff
(Cdlahan, T. J., P. W. Reimus, R. S. Bowman, and M. J. Haga, Water Resour.

Res., 32(12), 3547-3558, 2000.)

Timothy J. Callahan™?, Paul W. Reimus, Robert S. Bowmar?, and Marc J Haga®

'Environmental Science and Waste Technology Group, Los Alamos National Laboratory,
Los Alamos, NM 87545

Department of Earth and Environmental Science, New Mexico Institute of Mining and

Technology, Socorro, NM 87801

Abstract. The objective of this research was to investigate the effects of matrix
diffusion on solute transport in fractured volcanic tuff. Two tuff cores were studied, one
with a matrix porosity of 0.27 and the other of 0.14. The matrix permeabilities of the
coreswere 4.7 x 10 and 7.8 x 10™%° n?, five and nine orders of magnitude less than the
respective fracture permeabilities. This suggested that the cores could be modeled as dual
porosity systems with no flow in the matrix but significant solute storage capacity. Two
types of tracer tests were conducted in each fractured core: 1) iodide was injected in
separate experiments at different flow rates and 2) two tracers of different matrix
diffusion coefficients (bromide and pentafluorobenzoate [PFBA]) were injected in
another test. A difference in the maximum concentrations of the solutes and the extended

tailing of the breakthrough curves were assumed indicative of diffusive mass transfer
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between the fracture and the porous matrix of the cores. Interpreting the results from both
methods allowed the identification of matrix diffusion and dispersion effects within the
fracture by ssmultaneoudly fitting the data sets (with known constraints) using arelatively
simple conceptual model. Estimates of mass transfer coefficients for the fractured cores

were aso obtained.

2.1. Introduction

Because solute trangport is controlled by both the physical nature of the flow
system and the characteristics of the solutes (velocity, dispersivity, water saturation,
sorption behavior, diffusion coefficient), it is often difficult to determine the importance
of each parameter or process. Several previous studies have shown that hydrodynamic
dispersion in asingle fracture can cause significant spreading or "tailing" of solutes
during transport through fractured media [Tsang et al., 1988; Johns and Roberts, 1991;
Dronfield and Slliman, 1993]. However, solute tailing can also be indicative of diffusive
mass transfer between mobile water in fractures and immobile water in the surrounding
porous matrix [Grisak and Pickens, 1980; Grisak et al., 1980; Tang et al., 1981;
Neretnieks et al., 1982; Maloszewski and Zuber, 1985; Moreno and Tsang, 1991;
Maloszewski and Zuber, 1993; Haggerty and Gorelick, 1995; Lapcevic et al., 1999;
Maloszewski et al., 1999]. The fact that both processes can have a similar influence on
solute breakthrough curves in fractured media makes it difficult to distinguish between
the two in tracer transport tests. The motivation of the current research is to develop and
demonstrate a consistent method of tracer transport testing and data analysis that provides

unique estimates of both hydrodynamic dispersion and matrix diffusion in fractured rock.
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A single axial fracture was induced in two intact cores of volcanic tuff and the
cores were then saturated with water, resulting in systems that were used to study solute
transport in saturated fractures contained within a porous but relatively impermeable
matrix. A flow interruption method was also used [Reedy et al., 1996; Brusseau et al.,
1997] to verify the presence of diffusive mass transfer between the fracture and matrix.
Separate samples of each core were used for matrix diffusion coefficient, porosity, and
permeability measurements. These experiments provided independent estimates of the
matrix diffusion coefficients of the different solutes used in the fractured core
experiments.

The dual porosity conceptual model accurately described solute transport through
the fractured cores and captured the importance of fracture/matrix interactions. The solute
breakthrough curves follow a-1.5 dope in log space, which is probably due to diffusive
mass transfer between the fracture and the surrounding porous matrix. However, the
independent matrix diffusion coefficient measurements for Br and PFBA in the same
rock types were smaller than those calculated from the fractured core tracer tests. It is
possible that some degree of fracture flow channeling occurred within the fractured cores,
resulting in overestimates of the mass transfer coefficients. It is theorized that this was an
artifact of the short time scale of the laboratory tracer tests, and during field tests, it is
likely that the longer solute residence times will diminish the importance of free water

diffusion on tracer transport.
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2.2. Theory
2.2.1. Conceptual model

One-dimensional advection and dispersion in the fractures was assumed with a
diffusive fracture/matrix interaction orthogonal to flow direction. Diffusion into the
matrix was assumed perpendicular to the flow direction in the fracture. Thisis commonly
known as the dual porosity model (Figure 2.1). The solute residence time in the fracture
was assumed large enough that molecular diffusion homogenized the concentration

profile across the fracture aperture [Hull et al., 1987]. This was verified by comparing the
calculated diffusion distances /2Dt (where D isthe free water diffusion coefficient and

t isthe solute residence time in the fracture) with the average fracture apertures
calculated from tracer tests. The diffusion distance was always greater than the apertures.
Under these conditions, dispersion in the fractures should be independent of the flow rate.
In this simplified model, the fracture aperture was assumed uniform and constant
throughout the fracture (i.e., an average over the fracture domain). The dispersion term
then captures the effects of flow channeling caused by the variable aperturesin the

fracture [Thompson, 1991].

Figure 2.1. Conceptual model of adual porosity system for solute transport in

fractured tuff cores (adapted from Maoszewski and Zuber, 1985).

by
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2.2.2. Mathematical model for fracture transport
Tang et al. [1981] describe solute transport though dual porosity media as using

the following governing equations

C ’C C
& p X I + 1Dy TCn) (2.1)
qit x x bn, 9y |y:b

C 2C
“ﬂtm - Dm'”ﬂTZm. (2.2)

The coordinate system (X, y) used in this discussion relates to Figure 2.1. The
agueous phase concentration in the fracture is C; [M L™®]; in the matrix, it is Cn [M L.
The hydrodynamic dispersion coefficient in the fracture is D [L% T3], vi [L T] isthe
average solute velocity in the fracture, and b [L] is the fracture half aperture. The matrix
diffusion coefficient, D, [L? T™] describes the effective diffusion of asolute in the pores
of the matrix. Similar to the pore water diffusion coefficient of Ohlsson and Neretnieks
[1998], it does not include the matrix porosity ny, [-] but it does implicitly include
tortuosity factors. The term ny is the porosity within the fractures, taken to be unity in all
cases for the mechanically induced fractures of this study.

The water-saturated, dual-porosity rock cores were subject to the same initial and
boundary conditions asin Tang et al. [1981] except here a pulse of tracer solution was
injected where

C,(x=00<t<t,)=C,, (2.3)

wheret, [T] isthe tracer injection pulse duration and C, [M L 3] isthe concentration of
the pulse. The fracture and pore water were assumed to be free of solute and an infinite

matrix orthogonal to the fracture was assumed (i.e., tracer behavior was not influenced by
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the radial boundaries of the fractured rock cores). The validity of this last assumption is
discussed in section 2.4.1.
Following Tang et al. [1981], the Laplace transforms of (2.1) and (2.2) yield the

following ordinary differential equations

_ 9% 16 o,

<, =p, 1oty 1o, D, 1C,) 2.4)
Tx fix b Ty |y:b
_

=D ﬂﬂczm , 2.5)
y

where s [T}] is the transform variable for Laplace space. The overbar denotes the
Laplace transform of the corresponding concentration variable. The combined solution of
(2.4) and (2.5) for a nonreactive solute can be found in Tang et al. [1981]. From the
combined solution we define the terms MTC (mass transfer coefficient) as MTC =
(Nm/B)?* Dy [T 2], where B = 2b; t=(x/vs) [T] as the mean solute residence time in the
fracture; and Pe= (x*v;)/Ds [-] as the Peclet number. These parameters are used to
compare tracer transport data for either different solutes in the same test or multiple tests
using the same solute.

To interpret the tracer transport data, a semi-analytical algorithm was used,
following the theory of Tang et al. [1981]. At least two data sets generated from tracer
tests in the same fractured core were fitted together to obtain estimates of t, Pe, and the
MTC. These three parameters were allowed to float to obtain a best least- squares fit to the
data sets. In the case of atracer test involving two nonsorbing solutes with different free
water diffusion coefficients, the ratio of diffusion coefficients was fixed, based on
independent diffusion coefficient data. For cases in which one nonsorbing solute is used

in multiple tracer tests conducted at different flow rates, the ratio of solute residence
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times was fixed for the different tests. For example, one tracer test was conducted at an
average flow rate of 20.11 mL hr! and alater test was at 2.01 mL hrt, therefore the ratio
of residence times was 0.01 because flow rate and residence time are inversely
proportional for a system of constant volume.

This approach yields much more constrained parameter estimates than the
analysis of asingle tracer data set. Dispersion and matrix diffusion often result in similar
effects on tracer breakthrough curves, as they both tend to increase the second moment of
tracer responses. However, only matrix diffusion can cause significant changesin the
shape of a breakthrough curve as afunction of either the solute residence timein the
system or the matrix diffusion coefficient. By using multiple nonsorbing solutes of
different diffusion coefficients in the same test, or conducting experiments at different
flow rates with the same tracer in the same fracture, we were able to separate the effects

of dispersion and matrix diffusion in the fractured cores.

2.3. Methods
2.3.1. Fractured Rock Cores

2.3.1.1. Apparatus. Intact rock cores from the Crater Flat Tuff Formation were
collected from the C-Wells field site, 1.5 km SE of Yucca Mountain, NV (Table 2.1). The
lithologic units sampled were Miocene age ash flow tuff [Geldon, 1993]. Core 1 was of
the upper flow zone and core 2 was of the central flow zone, both from the Prow Pass
Tuff Member of the Crater Flat Tuff Formation. The samples were obtained from depth
intervals (below surface) of 532.3 — 533.4 m and 553.0 — 553.8 m, respectively. Core 1

was 0.161 m long and had a matrix porosity of 0.27. Core 2 was 0.173 m long and
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Table2.1. Petrographic descriptions of the cores used for this study.

Stratigraphic Unit

Corelnterva (m
below surface)
Dimensions of core
used for dynamic
transport experiments
Lithologic
Description

Core/Wafer 1
Crater Flat Tuff Formation, Prow
Pass Tuff Member, upper flow
zone
532.3- 5334

Length =0.161 m
Diameter = 0.095 m

Pink-white, mod.-welded ash
flow tuff. Crystal-poor (< 2% of
matrix). Crystals 0.5 mm in
length. Quartz, feldspar, and
traces of golden-altered biatite.
Lithic frag. Are few, <4% of
matrix, light to dark brown and
angular. Avg. lithic frag. length is
» 25 mm. Abundant white pumice
(» 30% of matrix), rounded
shape, undtered; avg. length 20
mm.

Core/Wafer 2
Crater Flat Tuff Formation, Prow
Pass Tuff Member, central flow
zone
553.0 — 553.8

Length=0.173 m
Diameter = 0.095 m

Cord to pink-red, densely welded
ash flow tuff. Crystals » 5% of
matrix; crystal sze < 1 mm long.
Crystasinclude feldspars, quartz,
biotite, and hornblende. Lithic
frag. < 8% of the matrix, light to
dark brown in color and angular
to rounded. Avg. frag. length <5
mm. About 30% white pumice;
unaltered and rounded in shape,
avg length 10 mm.

its matrix porosity was 0.14. Both samples were 0.095 m in diameter. Matrix porosity

measurements were made on three representative samples of each core by measuring the
difference between the wet and dry weights and dividing by the volumes of the samples.
Smaller representative samples were used because the lack of sensitivity of analytical

balances under heavy loads prevented us from obtaining accurate wet and dry weights of

the large cores used for transport testing.
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Nonfractured core samples were selected because of the scarcity of naturally
fractured cores suitable for testing. One axial fracture was induced mechanically in each
of the cores using a 1.5-kg hammer and a chisel with a 10-cm wide blade. Each fracture
propagated through the core resulting in separation. We took care to avoid rock fragment
loss from the fracture surfaces. Because of the induced nature, there were no secondary
mineral coatings or ateration products in the fractures

After the fractures were created, the ends of the cores were planed off using a
standard diamond-tipped rock saw. Preparation for the tracer transport experiments
involved fitting the ends of each core with specially-machined acrylic end plates (11.5-
cm diameter) designed to route the injectate and effluent into and out of the fracture
(Figure 2.2). The recessed “D-spacing” pattern on the underside of the end plates was
filled with a clear caulk (Lexel, Sashco Sealants, Brighton, CO; the use of brand or
product names is for identification purposes and does ot constitute endorsement by Los
Alamos National Laboratory). This allowed the plates to be sealed to the ends of the core
thus minimizing the inlet and outlet volumes on each coreto 1.5 mL and 1 mL for core 1
and core 2, respectively.

The outer cylindrical surface of each core was then treated with the caulk,
especialy along the fracture traces along the sides of the cores to prevent fracture
leakage. The cores were set aside overnight to allow the caulk to dry. The inner surfaces
of 12.5-cm diameter acrylic cylinders were roughened using 120 grit aluminum oxide C-
weight sandpaper to facilitate adhesion of epoxy to the and used to attach each core to the
cylinders. The resulting apparatus had an annulus of 1.5 cm around each core (Figure

2.2), which was filled with a two-part epoxy at aresin: hardener ratio of 5:1 by weight.



Figure 2.2. Schematic diagram of the fractured rock core apparatus. Three flow
ports on each end of the core allowed accessto the inlet and outlet regions; the
central flow ports were used to connect the cores to the syringe pump and fraction

collector via 0.8-mm diameter tubing.

Top view Cross-section
Flow ports——" _
; = T
Induced Rock
fracture ~ T—T—, Tcore
Epoxy
fill 16-17cm
Lucite__,
sleeve
—_
12cm j_l_g_l_[

After atwo-day curing period, compressed CO, gas was slowly injected into each
core by way of the middle flow port for about one hour. Most of the resident air was
assumed to be displaced from the fracture and the near-fracture porous matrix, and that
most of the CO, would dissolve in water, thus expediting water saturation. The rock cores
were then placed in a 18.9-L polyetherimide vacuum chamber and submersed in filtered
groundwater from well J-13 near Y ucca Mountain (Table 2.2). The system was evacuated
(P » -85 kPa) using a vacuum pump to aid water saturation of the core samples. This
saturation step continued for at least ore month for each sample. Saturation was
considered complete when gas bubbles ceased to emanate from the cores. This check of
water saturation was only by observation. The effectiveness of this technique was
verified by the tracer data. Separation of the solutes signified that diffusive mass transfer
was a function of diffusion coefficient rather than imbibition of water (and solutes) into

the matrix.
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Table2.2. Chemical composition of the water samples used in the diffusion cell and

fractured rock core experiments. All analysesin mg L™ (except pH).

J13 well water® NaHCO, water’ Prow Pass water’
B 0.13 0.12
Br 0.02
ca* 11.3 3.25
cr 7 5.9
F 2.16
Fe 0.02 0.08
HCO5 124 141 137
K* 5 2.9
Li* 0.040 0.074
Mg** £0.010 0.09
Na“ 44 54 58.6
S** (as H,S0,) 30 20.8
0,* 19 185
pH 78-8.1" 7.7-8.0 8.0

*Fuentes et al. [1989].

*This study. The Prow Pass water was sampled in the field during a pump test.

2.3.1.2. Fracture Permeahility M easur ements. After constructing the fractured
rock core apparatus, the integrity of each column was tested by imposing a 2-m head of
water above the columns using a large reservoir and plastic tubing. No leaks were
detected in either core apparatus as water flowed through the fracture. The constant head
of water was used to supply flow in a manner similar to a constant head permeameter
test. This method was used due to the relatively high hydraulic conductivities of the
fractures [Freeze and Cherry, 1979]. The cubic law was employed [Domenico and

Schwartz, 1990] to estimate the hydraulic fracture aperture in each core
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2
Q =%% A% where A=B.W. (2.6)

Here, Q is the volumetric flow rate through a fracture of cross-sectional area A; B, and w
are the hydraulic aperture and the width of the fracture, respectively; r isthe density of
water; mis the dynamic viscosity of water; g is the gravitational constant (9.8 m s2); and
dh/dx is the hydraulic gradient across the length of the fracture. Ther and mof water
were assumed to be 1000 kg mi® and 0.001 kg mi* s, respectively. To calculate the
fracture permeabilities of the cores, the following formula was used [Freeze and Cherry,

1979]

k=—", 2.7)

2.3.1.3. Tracer Transport Experiments. Tracer preparation consisted of
dissolving either sodium iodide (Nal, Malinckrodt, Inc., St. Louis, MO) or a mixture of
lithium bromide (LiBr, Fisher Scientific, Hampton, NH) and pentafluorobenzoate (PFBA,
Oakwood Products, W. Columbia, SC) in filtered J-13 well water (Tables 2.3 and 2.4).
Lithium bromide was selected because lithium exhibits weak sorption to the tuffs. For the
Br/PFBA solution, the pH decreased to about 3 upon addition of the PFBA (due to
deprotonation of carboxylic acid groups), so we buffered it using a 50% by volume
sodium hydroxide solution (NaOH, Mallinckrodt Baker, Inc., Phillipsburg, NJ). The final
pH was between 7.7 and 8.3 (the pH of the well J-13 water was 7.6 — 8.2). These tracer
solutions were deaerated before injection. The tracer concentrations are listed in Tables
2.3 and 2.4 for cores 1 and 2, respectively. lodide was used as a single tracer in

experiments conducted at different flow rates to measure the amount of matrix diffusion
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as afunction of solute residence time in the fractured cores. Bromide and PFBA were
used together in one experiment to measure the relative difference of matrix diffusion as
afunction of their diffusion coefficients. The free water diffusion coefficient for bromide
is21.5x 10"% n? s [J. L. Wilson et al., pers. comm., 1999]; for PFBA it is 7.6 x 109 n?
s [Benson and Bowman, 1996].

Because the focus of this paper is on comparative transport of multiple solutesin
fractured rock, control experimentsin artificial fractures were not conducted. Tracer
transport experiments and visualization studies in artificial fractures have been conducted
elsewhere [for example, Brown, 1987; Wels and Smith, 1994; Wels et al., 1996; Brown et
al., 1998; Detwiler et al., 1999]. The concern of this study was the separation of matrix
diffusion and dispersion effects by generating multiple tracer data sets in the same flow
system. The tracer data verify that the flow conditionsin all tests were comparable.

Tracer was injected into each fractured rock core using two 60-mL capacity plastic
syringes and two single-rotor syringe pumps. Two syringes were plumbed into each core
in order to inject tracer volumes of 55 — 80 mL for each tracer test. Translucent
polytetrafluoroethylene (PTFE) of 0.8-mm inner diameter tubing was used to connect the
syringes to the column apparatus via the middle flow port on the lower end of the column
(Figure 2.2). The tracer injections were conducted from bottom to top of the fractures to
avoid gravitational flow effects. The tubing was wrapped in opaque self- adhesive tape to

inhibit microbial growth within the apparatus.
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Table 2.3. Experimenta conditions for the fracture transport tests, core 1 (upper flow

zone sample, Prow Pass Tuff Member of the Crater Flat Tuff Formation, NV).

Core 1, Upper flow zone, Prow Pass Tuff Member

Corelength, L (m) Core width, w (m) Matrix porosity, Ny, (-)
0.16 0.10 0.27
Hydraulic aperture, By, (m)? 0.14x 10°
Experimental Parameters |' Test1 |'Test2 |'Test3 Br/PFBA test
Volumetric flow rate, Q (mL hr™) 2.01 20.11 8.30 6.39
Injection duration, t, (hr) 29.9 2.87 7.26 1153
Injection concentration, C, (mg L™)  1000. 1000. 1000. 2528 (Br)
766 (PFBA)
Flow interruption period, timesince  NA”® NAP NAP 4395 —63.95
start of injection (hr)
Flow rate after restart, Q (mL hr") ~ NA® NA® NAP 6.46
Mass recovery (%) 86 9% A 89 (Br)
95 (PFBA)

*Determined from a constant head permeameter method.
®Not applicable; flow was not interrupted during these tests.

After injection of the tracer pulse, a 260- mL capacity syringe pump was used to
flush the core with deaerated, tracer-free well J-13 water at approximately the same flow
rate as during the tracer injection (Tables 2.3 and 2.4). This continued until the effluent
concentration was less than 1% of the injection concentration.

Effluent from the cores was separated into 8-mL capacity sample vials using a
programmable fraction collector. The collection time interval was set to provide 2 —6 mL
of effluent per vial, with smaller volumes collected early in the tests and larger volumes
later in the tests. These sample volumes were necessary because of the small fracture
volumes, estimated to be 10 — 15 and 11 — 12 mL for cores 1 and 2, respectively. A total

of four tracer tests were conducted in each fracture; three separate I injections, each at a
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different flow rate, and one Br/PFBA injection. Mass recovery was nearly complete in

all tests (Tables 2.3 and 2.4). The fractures were flushed with tracer-free groundwater

after each test in order to remove as much of the tracer mass as possible. Tracer

concentrations were measured before starting the next test and initial concentrations were

accounted for before data interpretation.

Table2.4. Experimenta conditions for the fracture transport tests, core 2 (central flow

zone sample, Prow Pass Tuff Member of the Crater Flat Tuff Formation, NV).

Core 2, Central flow zone, Prow Pass Tuff Member

Corelength, L (m)

Core width, w (m)

Matrix porosity, N, (-)

0.17 0.10 0.14
Hydraulic aperture, B, (m)® 0.13x 10°
Experimental Parameters 1" Test1 1'Test2 | Test3 Br/PFBA test
Volumetric flow rate, Q (mL hr")  19.93 4959 11.74 5.96
Injection duration, t, (hr) 4.0 1.5 6.2 11.94
Injection concentration, C, (mgL™) 1000 1000 1000 2528 (Br)
766 (PFBA)
Flow interruption period, timesince  NA" NA® NAP 4293 -62.93
start of injection (hr)
Flow rate after restart, Q (mL hrY) ~ NA® NA® NA® 5.95
Mass recovery (%) 89 98 &4 90 (Br)
95 (PFBA)

*Determined from a constant head permeameter method.

°Not applicable; flow was not interrupted during these tests.

During the Br//PFBA experiments, a flow interruption was conducted at |ate time

by ssimply closing in the columns and stopping the pump. After twenty hours (for both

tests), the pump was restarted and flow continued through the columns at roughly the
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same flow rate (Tables 2.3 and 2.4). The fraction collection interval was decreased after

resuming flow in order to measure the tracer response to the flow transient.

2.3.2. Diffusion Cells

2.3.2.1. Appar atus. Separate samples from the same wells and depth intervals as
the fractured rock cores were used for diffusion cell experiments. The diffusion cell
samples were generated by making parallel radia cuts through the cores, resulting in
cylindrical “wafers’ of uniform thickness. These wafers were 0.0098 m and 0.0123 m
thick for cores 1 and 2, respectively. Like the fractured rock cores, both diffusion wafers
were 0.095 m in diameter. The respective matrix porosities were 0.27 and 0.14 for wafers
1 and 2 (also the same as the fractured rock cores). Intact core samples were selected in
order to avoid the preferential flow or diffusion paths associated with fractures. Using the
same two-part epoxy mentioned above, the cylindrical surface of each rock wafer was
fitted with an acrylic sleeve. After atwo-day curing time, the samples were submersed in
sodium bicarbonate (NaHCOs) water (Table 2.2) using the same saturation procedure as
for the fractured rock cores. The sodium bicarbonate water was used for convenience and
was similar in chemistry to the well J-13 water. The sodium bicarbonate solution was
undersaturated with respect to silica in the diffusion wafers;, however, the rate of silica
dissolution is extremely low at 25°C. (According to Brady and Walther [1989], the rate
of both pure quartz and low abite dissolution is about 10 mol m? s in solutions of
0.001 M ionic strength, 25°C, and a pH of 8.) The saturation step continued for at least
two weeks for each core. After the samples were saturated with water, the fina diffusion

cell apparatus was constructed, consisting of two Plexiglas reservoirs separated by the
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rock wafer (Figure 2.3). Advection did not occur through the wafers because orienting
the inlet and outlet points were oriented at the same elevation. In previous test wafers,
advection did occur which was evident from the lack of separation of the Br and PFBA
breakthrough curves. The data presented here verify that advection did not occur in

wafers 1 and 2.

Figure 2.3. Schematic diagram of the diffusion cell apparatus. The collection
reservoir was continuoudly flushed by the syringe pump, providing effluent to the

automatic fraction collector.

10cm
Lucite
sleeve Tracer
solution
Rock
Sealant core
AT —]
Fresh water llecti L1em
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Collector

2.3.2.2. Matrix Permeability M easurements. The matrix permeabilities of the

[ Magnetic Stir Plate ]

diffusion cell samples were measured in a manner similar to a faling head permeameter
test. The falling head method was assumed most appropriate due to the expected low
permeabilities of the intact diffusion cell samples [Freeze and Cherry, 1979]. After
measuring the hydraulic conductivity of each wafer, the following equation was used to
calcul ate permeability

=K (2.8)
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2.3.2.3. Diffusion Experiments. One diffusion cell experiment was conducted in
each sample to determine the matrix diffusion coefficients of Br and PFBA. The |
matrix diffusion coefficient was not measured during these experiments, but I” and Br’
have very similar diffusion coefficients [Newman, 1973]. A solution containing dissolved
LiBr and PFBA was poured into the upper reservoir. The lower reservoir was filled with
tracer- free sodium bicarbonate water (Figure 2.3). Both solutions were deaerated before
the start of the tests. The lower reservoir was kept well mixed using a magnetic stir bar
and stir plate and flushed continuously at an initial flow rate of 8.0 mL hrt. The flow rate
was decreased to 1.5 mL hr™* after the first 250 hours to increase the fraction collection
time and the sample size. The effluent was collected using the same type of vias as for
the fracture tests in a programmable fraction collector (Model FC-220, Gilson, Inc.,

Middleton, WI).

2.3.3. Tracer Analysis

2.3.3.1. lodide. The effluent from the fracture tracer tests was measured for I°
using an ion-selective electrode and a combination millivolt/pH meter and was compared
to I” standards prepared via dilution of the tracer solution in alog (concentration) series.
The detection limit of the electrode was estimated to be £ 0.05 mg L™ I". Background I
concentration in the NaHCOs3 and J-13 waters was less than the detection limit. The error
of the ionselective electrode was two to four percent for al tests. Instrument drift was
corrected for by analyzing the 10 mg L' standard every tenth sample and adding (or

subtracting) the amount of drift per sample to the millivolt readings.
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2.3.3.2. Br'/PFBA. lon chromatography (IC) was used to analyze the samples

from both the fracture tracer tests and the diffusion cell experiments for Br" and PFBA
using a Dionex (Sunnyvale, CA) model 4500 chromatograph. In the analytical laboratory,
automated sample injection was used for Br™ analysis whereas PFBA anaysis was
conducted via manual injection. Detection limits were £ 0.04 mg L™t and £ 0.02 mg L™
for Br and PFBA, respectively. The background concentration of Br was 0.02 in the well
J 13 water; for PFBA it was less than the detection limit. The average error of
measurement was approximately 5%. Independent standards and blanks were used during
analysis for quality assurance.

Because I” andysiswas relatively fadt, at least two I” experiments were conducted
in each core to estimate the fracture volume of the cores. This allowed us to plan the later

Br/PFBA tests with regard to appropriate flow rate and fraction collection interval.

2.4. Results and Discussion
2.4.1. Fractured Rock Cores

2.4.1.1. Hydraulic Tests. The hydraulic apertures were 0.14 x 10" m for core 1
and 0.13 x 10 m for core 2. The hydraulic apertures were |ess than the calculated tracer
apertures (Tables 2.5 and 2.6), which is similar to the results found in other studies
[Tsang, 1992]. Using the aperture values and (2.7) above, the fracture permeabilities were
calculated to be 1.6 x 10°° n for core 1 and 1.4 x 10°° n? for core 2. These values were
roughly five and nine orders of magnitude greater than the matrix permeabilities (as

determined from the diffusion wafers, below) for the respective cores. This suggests that
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the dual porosity concept was the simplest model that could describe solute transport in

the fractured cores.

Table2.5. Modding results for the fracture transport tests, core 1.

Core 1, Upper flow zone, Prow Pass Tuff Member
Modeling Parameters” 1" Testl |'Test2 |'Test3  Br/PFBA test

Solute mean residence time, t (hr) 5.3 0.53 13 2.8
Peclet number, Pe 16 3.0
Mass transfer coefficient, 0.201 (I) 0.255 (Br)
.2 0.085 (PFBA)
MTC =82 D (hrY)
eBg
T Fractureaperture, B(m)® 070x10° 116x10°
_ o L 104 x 10° 53.7 x 10°
Dispersivity in fracture, a = — (m)
Pe
Matrix diffusion coefficient, Dy, 37() 12.9 (Br)
(x 10" n? sh)° 4.3 (PFBA)

*Thethree | data sets were fit smultaneously assuming Pe was the same for the three tests and t

was inversely proportional to the volumetric flow rate. The Br- and PFBA data were fit
simultaneously by constraining the Dy, ratio for Br:PFBA to 3:1.

Qt

*Based on the relationship B :L— , Wheret is the solute mean residence time.
w

‘Determined from the MTC using the measured n,, and the calculated B.



Table2.6. Modding results for the fracture transport tests, core 2.

Core 2, Central flow zone, Prow Pass Tuff Member
Modeling Parameters® |'Test1 |I'Test2 | Test3 Br/PFBA test

Solute mean residence time, t (hr) 0.60 0.24 1.02 2.0
Peclet number, Pe 23 15
Mass transfer coefficient, 114 x 10° (I 0.032 (Br)
2 0.011 (PFBA)
MTC=Er2 p_ (s
eBg
T Fractureaperture, B(m)® 072x10° 072x10°
o L 75x10° 115x 10°
Dispersivity in fracture, a = — (m)
Pe
Matrix diffusion coefficient, D, 31() 2.4 (Br)
(x 10" n* shy° 0.8 (PFBA)

*The three I data sets were fit Simultaneously assuming Pe was the same for the three tests and t
was inversely proportiona to the volumetric flow rate. The Br and PFBA data werefit
simultaneously by constraining the Dy, ratio for Br:PFBA to 3:1.

t
*Based on the relationship B =(E— , Wheret isthe solute mean residence time.
w

‘Determined from the MTC using the measured n,, and the calculated B.

2.4.1.2. Tracer Data Interpretation Procedure. Using the data from either the
three |” tests or the one Br/PFBA test for each sample, the semi-analytical method from
Tang et al. [1981] was employed to ssimultaneoudly fit the experimenta data up to the
flow interruptions for each fractured tuff core sample. This provided values for t; Pe, and
the MTC [(nm/B)?* Dim]. This method was used to interpret the data generated under
constant flow rate conditions. The best-fitting parameters were then fixed in a numerical
computer code RETRAN to generate the model curves seen in Figures 2.4 — 2.8.
RETRAN is an alternating-direction finite difference agorithm that mimics the semi-

analytical method and can be used for conditions of varying flow velocity [Reimus et al.,
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1999]. RETRAN was used here in a forward mode to produce breakthrough curves based
on the parameters determined from the semi-analytical method.
To verify the infinite matrix assumption for solute transport in the cores, the

following equation was used

X, =+2D, t , (2.9)

where xp is the diffusion distance from the fracture into the matrix (D, and t defined
previously). For the case where D, = 10° n? st and t = 10 hr, xp » 0.009 m, about six
times less than the half-diameter of the cores. This calculation illustrates that during the
tracer experiments only avery small fraction of the total volume of the cores were
accessed. Saturation was verified by 1) the lack of air bubble evolution from the cores
under strong vacuum and 2) the consistent separation of the tracer breakthrough curves as
afunction of diffusion coefficient. If imbibition of water into the porous matrix was the
dominating transport process, the separation of the breakthrough curves of the different
tracers would have been much less.

Two procedures were used to interpret the fracture transport data. For the three I’
experiments in each core, t was constrained to be inversely proportional to flow rate and
all other parameters were assumed to be identical for each data set. For the Br/PFBA
fracture tests, both the Br and PFBA data sets were simultaneoudly fitted assuming a Dy,
ratio of 3:1 based on information from the diffusion cell tests and the free water diffusion
coefficients. As mentioned in section 3.1.3, the free water diffusion coefficient for Br
and PFBA are 21.5x 10 n? s and 7.6 x 10% n? s, respectively. All other transport

parameters were assumed identical for Br- and PFBA in each test.



Figure 2.4. Effects of varying the Peclet number, Pe for a single data set. The open

circlesare PFBA data from the fractured rock coretest in core 1. The three curves

are RETRAN predictions using only the one tracer data set and systematically

varying the Peclet number (Pe) while alowing the residence time (t), fracture

aperture (B), and the mass transfer coefficient (MTC) to float. The curvesfor Pe=

10 and 100 are nearly identical.
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Figure 2.5. Experimental and modeling results from the three |” transport tests, core

1. All three data sets were used to simultaneoudly fit t, Pe and MTC. Dataare

relative to injection concentration.
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Figure 2.6. Experimental and modeling results from the PFBA/Br transport test,

core 1. Both data sets were used to smultaneoudly fitt, Pe and MTC. Data are

relative to injection concentration.
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Figure 2.7. Experimental and modeling results from the three |” transport tests, core

2. All three data sets were used to simultaneoudly fit t, Pe and MTC. Dataare

relative to injection concentration.
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Figure 2.8. Experimental and modeling results from the PFBA/Br transport test,
core 2. Both data sets were used to smultaneoudly fitt, Pe and MTC. Data are

relative to injection concentration.
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To investigate the advantages of simultaneoudly interpreting multiple data sets, a
single tracer data set was fitted using the semi-analytical method of Tang et al. [1981]
three times by assuming Pe equal to 1, 10, and 100 and allowing t and MTC to float in
each case. Similar fits were obtained regardless of which Pe was used (Figure 2.4). The
valuesof t and the MTC were also different depending on the Pe used in the fitting
procedure. For Pe = 1, the MTC = 0.0144 hr™*. Increasing Pe to 10 produced an MTC of
0.436 hr't, and increasing it further to 100 gave an MTC of 1.44 hr'. The resulting fits are

all quite similar, especialy for the two higher Pe cases. Assuming that both dispersion



and matrix diffusion influenced tracer transport, it is evident that the processes could not

be separated by analyzing only one tracer response.

2.4.1.3. Tracer Transport Results. The experimental and modeling results for
the tracer testsin core 1 are listed in Tables 2.3 and 2.5 and shown in Figures 2.5 and 2.6.
The corresponding data for core 2 are listed in Tables 2.4 and 2.6 and Figures 2.7 and 2.8.
The maximum relative concentrations were different for the two solutes and the tails of
the breakthrough curves exhibited a-1.5 slope in log space. Both phenomena are
assumed indicative of diffusive mass transfer in dual porosity media [ Maloszewski and
Zuber, 1985; Maloszewski and Zuber, 1993; Tsang, 1995; Maloszewski et al., 1999]. The
amount of mass transfer between the fracture and the porous matrix was dependent on 1)
fracture residence times, as seen from the I data, 2) matrix diffusion coefficients (Br
/PFBA datd), and 3) matrix permeabilities (comparing the two core samples). There was
much more analytical deviation at low concentrations with the ion-selective electrode
method for the I tests than the IC method for the Br/PFBA tests. Thisis most apparent
when the data are plotted in log space.

For core 1, the mass transfer coefficient (MTC) from the |” tests was 0.201 hr?
compared to 0.255 hrt for Br from the Br/PFBA test (Table 2.5). Because the matrix
diffusion coefficient for Br~ was constrained to be three times larger than PFBA, the MTC
for PFBA was 0.085 hrt. The calculated Pe was 16 from the I” tests and 3.0 from the Br
/PFBA test. All three I” experiments were conducted before the Br/PFBA test; during the
latter experiment, the amount of water in the void space of the inlet had increased (by

displacing air that had previously occupied the space), and it is possible that this
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increased the volume of the injection manifold resulted in larger apparatus-induced
dispersion (thus the smaller value of Pe). This may have also caused the erroneoudly
large fracture residence time for the Br/PFBA experiment (Table 2.5).

For core 2, the MTCswere 0.041 hr'! (1" data sets) and 0.032 hr'! (Br). The Pe
calculated from the I data was 23 and from the Br/PFBA data Pe was 15, which is
relatively good agreement. The inlet and outlet volumes for this sample were much
smaller than in core 1 and therefore apparatus- induced dispersion should have been
minimized.

The purpose of the flow interruption step at late times was to provide further
verification of the dual porosity concept for the fractured rock cores. Figure 2.6 shows
that the response was qualitatively matched yet underpredicted by RETRAN. This
suggests that the method of Tang et al. [1981] overestimated the amount of mass transfer
back into the fracture prior to the flow interruption; to conserve mass balance, the model
underpredicted the concentration increase after the flow interruption. Conversely, the
model fits match the data well for core 2 (Figure 2.8). Perhaps more importantly, the flow
interruption procedure confirmed the importance of matrix diffusion as alimiting process

on tracer transport in both fractured rock cores.

2.4.2. Diffusion Cells
2.4.2.1. Falling Head Permeameter Results. The matrix permeabilities for cores
1 and 2 were 4.7 x 10 and 7.8 x 10™'° n?, respectively. These values were five and nine

orders of magnitude less than the estimated fracture permeabilities for the respective
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cores. This verified the applicability of the dual porosity conceptual model to solute

transport in the fractured volcanic tuff samples.

2.4.2.2. Diffusion Data I nter pretation Procedure. To estimate matrix diffusion
coefficients, one-dimensional diffusion was assumed to be the only transport mechanism

in the wafers. The one-dimensional diffusion equation was used

1_p 1
qt x>

(2.10)

The equations describing the tracer concentrations in the upper and the lower reservoirs

were:

1C, _n,pr°D, fC

T v X 3 (2.11)
qC ’D

L= MPr*Dy AC| Q¢ 2.12)
it Vi x|y

The concentration in the upper and lower reservoirs were C, and C, respectively; V, and
V| were the volumes of the upper and lower reservoirs, r was the radius of the rock wafer,
| was the diffusion distance (i.e., the thickness of the wafer), and Q was the flush rate
through the lower reservoir.

A finite-difference method that allowed the user to specify changes in the flush rate
with time was used to solve (2.10). The resulting simulations were iteratively matched to

the data to obtain the matrix diffusion coefficient estimates for each solute.

2.4.2.3. Diffusion Cell Results. Table 2.7 lists the experimental and modeling

results for matrix diffusion coefficients for both rock wafers. The data are shown



graphically in Figures 2.9 and 2.10. For wafer 1, the matrix diffusion coefficients were
6.0x 10 n? st and 1.9 x 10"° n? s for Br and PFBA, respectively. Results for the
same ions in wafer 2 were 0.4 x 10°° n? s* and 0.13 x 10™° n? s. The matrix
permesabilities for the samples were 4.7 x 10° and 7.8 x 10™%° n?, respectively. This
positive correlation between matrix diffusion coefficient and permeability has been
demonstrated in several other rock types from the C-Wellsfield site [Reimus et al.,

1999].

Table2.7. Experimenta conditions and results from the diffusion cell experiments for

wafers1land 2.

Wafer 1, upper flow zone  Wafer 2, central flow zone

Experimental Parameters

Reservoir flush rate (mL hr™) 0.8-8.0 0.8-6.0
o _ L 399 (Br-) 1677 (Br-)
Injection concentration (mg L™)
1326 (PFBA) 1069 (PFBA)
Modeling Parameters
Br- (x 10" n? s™) 6.0 0.4
PFBA (x 10™ n? s%) 1.9 0.13
Br: PFBA ratio 3.2 3.1

The value for the Br matrix diffusion coefficient was about three times greater than
that for PFBA, similar to the ratio of the published free water diffusion coefficients. This
result verified that advection through the diffusion wafers was negligible, as any
advection would have resulted in a smaller difference between the breakthrough curves of

the two tracers.



Figure 2.9. Experimenta and modeling results for diffusion cell test, wafer 1. Data

are relative to injection concentration.
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Figure 2.10. Experimental and modeling results for diffusion cell test, wafer 2. Data

are relative to injection concentration.
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2.4.3. Comparing Fractured Rock Core and Diffusion Cell Data
If the conceptualization of fracture-matrix interaction is correct, the matrix

diffusion coefficients calculated for Br” and PFBA from the fracture transport tests and



the diffusion cell tests should have been the same. Comparisons between the different

types of experiments can be made in two ways: 1) Using the matrix porosity

Qt

measurement Ny, and the calculated fracture aperture B from the relationship B = Tw to
w

50 A2 0
calculate Dy, from the MTC %1—&9 D,,u and comparing this value to the estimated Dy,
€9 (g

from the corresponding diffusion cell test; or the opposite technique 2) using the

estimated Dy, from the diffusion cell test to calculate B from the MTC and compare to the

value from B= CLQ_t . Either alarger D, (method 1) or asmaller B (method 2) from the
W

fitted MTC would indicate a greater amount of mass transfer in the fractured rock cores
than would be predicted using the diffusion cell Dy, value. Comparing the two estimates
of B may provide insights into flow channeling and surface roughness within the
fractures. Another concern is the large difference in the geometry of the two media.
Although the diffusion wafers and the fractured cores are the same diameter (0.095 cm),
the diffusion wafers are only about 0.01 m in length, much smaller than the fractured
rock cores (0.016 m and 0.017 m long for core 1 and core 2, respectively). Y et the
diffusion distance in the fractured cores was at most 0.009 m (as calculated above), which
is on the same order as the diffusion wafer thickness.

However, the matrix diffusion coefficients determined from the two methods were
not the same. For core 1, the matrix diffusion coefficient for Br™ calculated from the
fractured core tracer test was 12.9 x 10'1° n? (Table 2.5), about two times greater than the
Br value of 6.0 x 10"'° determined from the diffusion cell test (Table 2.7). For core 2, the

matrix diffusion coefficient for Br calculated from the fractured rock core was 2.4 x 10°%°
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nt s (Table 2.6), six times greater than the diffusion cell result of 0.4 x 10° n? s
(Table 2.7). These differences may have been due to 1) alarger fracture surface area than
would be calculated assuming parallel plates, due to the roughness of the fracture, 2)
solute diffusion into stagnant free water in the fractures, or 3) the geometric difference
between the two apparatuses. The first two hypotheses could directly explain an
apparently larger amount of mass transfer between the fracture and matrix than predicted
from diffusion cell data. This result may be most important for rocks of low matrix
permeability (e.g., 7.8 x 10°*° n? for wafer 2) and hence low matrix diffusion. When the
matrix diffusion coefficients estimated from the diffusion cell tests are inserted into the

MTC determined from the fracture transport tests, the effective aperture B for core 1 is

. . t
calculated to be +/2 times less than that obtained from B = (E— . For core 2, the
W

difference was «/6 times less. Thus, the effective fracture surface area to volume ratio

was either +/2 or /6 times greater for the respective cores than that calculated from the
length, width, and mean solute residence time. Previous researchers [Brown et al., 1998;
Wan et al., 2000] have demonstrated that flow channeling occurs in casts of natural
fractures. Models describing solute transport in channelized flow systems have been
proposed to explain tracer transport data [Tsang et al., 1988; Johns and Roberts 1991].
Diffusion of solutes from flow channels into stagnant regions within fractures has also
been suggested for fractured rock systems[Raven et al., 1988; National Research
Council, 1996; Grenier et al., 1998; Wallach and Parlange, 1998]. Free water diffusion
should proceed at arate faster than matrix diffusion, and mass transfer between the
flowing water in channels and stagnant water within the fracture would have been

interpreted as matrix diffusion by our model. This may be the most likely explanation for
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the overestimation of matrix diffusion coefficients in the fractures. This process may be
more important in short-term laboratory experiments than in field studies. At the field
scale, matrix diffusion would likely dominate over diffusion into stagnant water in dual
porosity media due to the much larger volume of porous matrix relative to stagnant water

in fractures.

2.5. Conclusions

This study has demonstrated the importance of using multiple experimental
methods and multiple solutes of differing diffusion coefficients together to estimate
transport parameters in fractured, dual porosity media. It is apparent that analyzing tracer
tests using only one solute leads to nonunique results for these parameters. By analyzing
multiple tracer data sets, the processes of matrix diffusion and dispersion within a
fracture were effectively separated and the parameter estimates were much more
constrained.

The results of the laboratory experiments confirm that matrix diffusion serves to
increase the transport time of solutesin dual porosity media by spreading mass away
from the advecting region of the fractures, thus utilizing the capacitance of the porous
matrix. In log space, the decrease in solute concentration with volume eluted follows a -
1.5 dlope, often assumed indicative of diffusive mass transfer into an infinite domain.
However, the results of these short-term tests were probably influenced to some degree
by free water diffusion into stagnant water within the fractures, which may explain why
the matrix diffusion coefficients estimated from the fracture transport tests were

consistently larger than those measured in the diffusion cell tests. In field experiments,



where the solute residence times are usually much larger than in laboratory experiments,

the influence of free water diffusion within fractures should be minimal. That is, the

relative volume of porous matrix should be much larger than that of the stagnant water in

fractures.

Notation

a hydrodynamic dispersivity in fracture [L]

m dynamic viscosity of water [M L T

r density of water [M L]

t mean solute residence time in fracture [T]

B tracer fracture aperture[L]

Bn hydraulic fracture aperture [L]

C solute concentration in the aqueous phase (subscript f for fracture, m for matrix)
ML)

Co  solute concentration of injection pulse [M L]

C L aplace transform of solute concentration in the aqueous phase (subscript f for
fracture, m for matrix) [M L]

D  hydrodynamic dispersion coefficient in fracture [L* T

Dm  effective matrix diffusion coefficient in pore water [L? T

dnh/dx hydraulic gradient [-]

g gravitational acceleration constant [L T2

K hydraulic conductivity of fractured rock cores (fracture or matrix) [L T1]

k permeability of the fractured rock cores (fracture or matrix) [L?]
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L fracture length [L]
I thickness (Ilength) of diffusion wafers|[L]

MTC mass transfer coefficient for diffusive transport between fracture and matrix [T];

.2
MTC =& 9
eBg

m
Nt porosity within a fracture; for an open fracture, ns = 1 [-]
Nm porosity of matrix material; fraction of pore volume to total volume [-]

v, L

Pe  Peclet number [-]; Pe= 5
f

L
:g where Ds = a v

Q  volumetric flow rate [L°® T

q specific discharge through fracture [L T

r radius of diffusion cell wafer [L]
S transform variable for Laplace space [T?]
tp time of solute injection pulse[T]

Vy volume of diffusion cell tracer reservoir [L°]
Vi volume of diffusion cell flush reservoir [L?]
Vi velocity of water flowing in fractures [L T

w fracture width [L]
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Abstract. It is common practice to describe reactive contaminant transport in
complex field situations using alinear sorption (Kp) model. Estimates of Kp are often
obtained from laboratory or field tracer tests where a pulse of tracer solution is injected at
high concentrations to ensure adequate detection at the sampling point(s). We discuss the
potential inaccuracies associated with using Kps derived from high-concentration tracer
tests to describe transport of ionic solutes in lower-concentration contaminant plumes..
We conducted column tracer tests in crushed rock using lithium as a dissolved cationic
tracer. When injected at high concentrations, the lithium produced asymmetric
breakthrough curves due to ion-exchange with the other cationsin the system (sodium
and calcium). Using a simple Kp value without accounting for competitive ion effects did
not fully explain the lithium breakthrough curves and tended to underpredict retardation

of lithium. Using ion exchange theory and a simplified three-component system, we were



able to accurately describe the asymmetric elution behavior. We conclude that, for ion
exchanging species, Kps derived from high-concentration tracer tests will tend to
underpredict contaminant retardation, and that ion exchange models will allow more
accurate extrapolations from high concentration tracer tests to lower concentration

contaminant plumes.

3.1. Introduction

Trangport data obtained from the injection and recovery of tracer materialsis
often used in both surface water and groundwater hydrology studies to estimate system
properties such as travel time, dispersion, and chemical reactions of pollutants. These
transport data are often used without considering the applicability of the experimentally-
derived information to natural contaminant conditions. Linear sorption models are often
used to explain the transport of reactive tracers. In the case of cations such as lithium ion,
the amount of retardation is a function of its concentration [Fetter, 1993; Appelo and
Postma, 1993; Reimus et al., 1999] as well as the concentration of other cationsin the
system. Here, we use an ion-exchange approach to describe asymmetric transport
behavior of lithium that was due to its high concentration in the tracer pulse.

It iswell known that solute partitioning between the agueous and solid phases can
be a function of contaminant concentration. However, the effects other ionsin solution
have on transport behavior are often overlooked. Several previous studies have employed
a multicomponent approach to describe reactive transport in porous media [Charbeneau,
1981; Valocchi et al., 1981a; b; Appelo and Williamsen, 1987; Charbeneau, 1988; Appelo

et al., 1990; Griffioen et al., 1992; Appelo et al., 1993; Mansell et al., 1993; Appelo and
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Postma, 1993; Appelo, 1994; Cernik et al., 1994; Lichtner, 1995; Appelo, 1996; Bond,
1997; LeGallo et al., 1998; TebesStevens et al., 1998; Vulava, 1998; TebesSevens and
Valocchi, 2000; Voegelin et al., 2000]. Reviews of multicomponent models are found in
Liu and Narasimhan [1989], Yeh and Tripathi [1989], and Lichtner [1996]. Predictive
models such as HY DROGEOCHEM [ Yeh and Tripathi, 1988], PHREEQC [Parkhurst,
1995], FEREACT [TebesSevens et al., 1998], and FEHM [Robinson et al., 2000] have
been used to describe multiple-species transport in geologic media, especialy those
species that are affected by chemical or biological reactions. However, these computer
programs often are computationally intensive and have numerous fitting parameters,
resulting in nonunique solutions of the transport parameters. Here, we propose a
simplified method of interpreting transport behavior of a solute, lithium, that is assumed
to be dominated by cation exchange.

In this study, the transport of ionic tracers was studied by injecting pulses of
tracer solutions into columns containing crushed and sieved ash flow tuff from the C-
Weélls stein Nevada[Reimus et al., 1999]. The initial purpose was to estimate the
sorption characteristics of the solid material with respect to lithium ion (Li"), providing
the Yucca Mountain Site Characterization Project with transport data for this sorbing ion
[Reimus et al., 1999]. However, interpreting the transport behavior of the bromide (Br")
and Li* tracers using a linear retardation factor was inadequate. Therefore, the effects of
ion exchange equilibria for the ternary ion system Li"\Na"\Ca®* were investigated, based
on the groundwater geochemistry at the field site. The objective was to determine the
ability of an ion exchange model to describe Li* transport data and the implications of ion

exchange equilibriato high concentration field tracer tests.



3.2. Theory

Appelo and Postma [1993] provide areview of multicomponent transport theory,
and their Table 5.5 lists equations for the exchange of various cations for sodium in a soil
matrix. The equation describing a cation exchanging with a sodium ion on a negatively-

charged monovalent surface exchange site X is

iX; ]"%[Na"
iz i nax « Lix, +Na’ Kina :—[_ +"]1, [ ],
Z z [i*"]"4[Nax]

(3.1)

where i is the exchanging cation of valence z and the equilibrium exchange coefficient is
Kiwa, [Appelo and Postma, 1993; Appelo, 1996]. The brackets refer to molar
concentration, either in the liquid (Na") or on the solid (NaX). Equilibrium equations
such as these implicitly account for charge balance in the system. Finite difference
numerical methods that simulate solute transport [Callahan et al., 2000] were used in
conjunction with mass action equations of the form in (3.1) to fully describe
multicomponent transport. The transport equations listed in Callahan et al. [2000] pertain
to adual-porosity system, but the equations were simplified here because single-porosity
conditions were assumed for the columns (i.e., all water was assumed to be mobile). It
was determined that aqueous complexation did not appreciably affect the model
simulations. Therefore, only free ion species were considered.

lon exchange equilibria relationships were added to the Reactive Transport code
(RETRAN), an implicit alternating-direction finite difference algorithm that provides
approximate solutions to the advection dispersion equation [Reimus et al., 1999]. This
expanded version of RETRAN is called the Reactive Transport Multicomponent code
(RETRAN-M). Adapting the approach of Appelo and Postma [1993] and Appelo [1994],

the mass action equations for Li*, Na', and Ca®* exchange in RETRAN-M are
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_ [LiX][Na*]

Li* + NaX « LiX +Na* K = — (3.2)
[NaX][Li*]
H 2+105
Li* +0.5CaX, « LiX +0.5Ca* K = [L'X][(ﬁl ] (33
[CaX,]™[Li"]
K ) 2+105
Na* +05CaX, « NaxX +05Ca% e o [NaX]J[CaZT” =y )

Kina [CaX,]%[Na']’
Also included in the model was the cation exchange capacity (CEC)-mass balance
equation for this three component system

CEC =[LiX]+[NaX] +0.5CaX,], (3.5)

The ion exchange parameters K iwa, Kiica, and CEC are fitting parametersin
RETRAN-M for experiments in which the effluent is not monitored for Na" and Ca?*
concentrations; thus the problem is inherently nonunique. The model can be calibrated
using tracer (Li") transport data by altering the values of Kiiwa, KLica and CECin
RETRAN-M for each tracer test to provide the best fit to a set of Li* transport data.
However, equally good model fits can be obtained by assuming a two-component system
(e.g., Li"/Na"). Furthermore, there exists more than one combination to the ion exchange

parameters and the CEC vaue for each tracer data set.

3.3.  Methods

A rock sample was obtained from the C-Wells complex at the Nevada Test Site.
The sample was taken as core from well UE25¢c #2 at a depth interval of 733.7 m - 735.4
m below surface, in the Bullfrog Tuff Member of the Crater Flat Tuff Formation. This
interval of the Bullfrog Tuff is categorized by Geldon [1993] as the central flow zone,

based on hydraulic testing of the saturated zone at the C-Wells. The rock lithology,



quantitative X-ray diffraction (QXRD) results, Li* batch sorption data, and Li* CEC
results are presented by Callahan [2001]. The central Bullfrog Tuff contributed 93% of
al flow into borehole UE25¢ #2 during open hole pump testing, based on flow logs

[Geldon, 1993].

The core sample obtained for these tests was broken into £ 1-cm pieces using a 2-
kg hammer on a cobalt-nickel alloy plate. The pieces were then crushed using a standard
jaw crusher (Retsch, type BBO, GmbH & Co., Haan, Germany) and an agate ball mill
(Retsch, type RMO, GmbH & Co., Haan, Germany) and wet sieved to a size fraction of
75 - 500 mm (A.S.T.M.E.-11 specificationsieves, Fisher Scientific, Hampton, NH).
Water from well J-13, 4 km southeast of the C-Wells site, filtered using a0.2 nm
membrane filter, was used to wet sieve the crushed tuff. Wells UE25 c#2 and J-13 both
produce sodium-cal cium-bicarbonate waters that have a similar chemical composition.

Chemical analyses of the well waters are shown in Table 3.1.
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Table3.1. Water chemistry for well J13 and well UE25c #2, Nevada Test Site, as

reported in Fuenteset al. [1989]. Vauesin mg L™ (except pH).

Species J-13 well water UE 25 c#2 water
B 0.13 ND?

Br <0.02° ND
ca* 11.3 11
cr 7 7
Fe 0.02 ND
HCOy 124 142
K* 5 2

Li* 0.040 0.11

Mg** £0.010 0.38
Na’ 44 55
S** (asH,S0,) 30 25
0,” 19 2

pH 78-8.1° 7.8

*ND: not determined.
*Determined from tracer experiments in this study.

Two glass columns, each 91.4 cm long and 0.62 cm in diameter, were filled with
water from well J-13 and then packed with the crushed tuff of the particle size range
described above. Column 1 was used for tests 1 and 2 and column 2 was used for test 3.
The resulting porosity was calculated by measuring the difference in weight of the water-
saturated tuff and the dry material, and then dividing that quantity by the volume of the
column. The porosities in columns 1 and 2 were 0.56 and 0.57, respectively.

The tracer solutions for tests 1, 2, and 3, containing 249 mg L™ (2.9 meq L), 292
mg L' (3.4 meg L), and 73.9 mg L (0.85 meq L2) LiBr, respectively, were prepared in
filtered J-13 well water. Table 3.2 lists the complete experimental information. A fraction

collector (Model FC-220, Gilson, Inc., Middleton, WI) was used to collect 2.4-mL
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samples of the effluent from each column in plastic test tubes. The samples were
analyzed using an ion chromatograph (IC) for both Li* and Br". The detection limits were
0.10 mg L! for Li* and 0.005 mg L™! for Br. The origina purpose of the tests was to
determine a linear sorption coefficient (Kp) for Li* and this volcanic tuff. The
concentration of other cations in solution was assumed to be irrelevant. Thus, the effluent

was not analyzed for any other solutes.

Table3.2. List of experimental parameters.

Experimental Parameters Test 1 Test 2 Test 3
Column porosity 0.566 0.566 0.573
Column dry bulk density (g mL™) 1.453 1.453 1.310
Dry weight of solidsin column (g) 40.12 40.12 36.15
Column pore volume (mL.) 15.64 15.64 15.82
Volumetric flow rate (mL hr™) 9.73 2.20 2.20
Volume of tracer pulse (mL) 49.5 44.8 44.4
Tracer composition 2.9 34 0.85
(meg L™ LiBr)
Groundwater composition 2.7 2.7 2.7

(meq L™ NaHCO;+Ca(HCO:5),)
Percent recovery (Li*, Br) 105 100 106 100 109 100
t1/2, timefor Br " to reach 1.10 1.08 1.07
CIC, = 0.5 (in pore volumes)

The hydrodynamic properties for each column were first estimated using the Br’
transport data and experimental parameters listed in Table 3.2. Values of the equilibrium
constants K iwa and K j\ca Were estimated assuming that the flow properties also applied
to the cations in the respective experiments. Because the effluent was not analyzed for

Na* and Ca?* during the experiments, the optimal values of the ion exchange parameters



KLiwa KLica and CEC were determined using the model- independent parameter
estimation code PEST [Dougherty, 1999]. The “best-fit” results were the combination of
the three parameters for all three tests that produced the smallest sum-of-squares
differences of the model predictions to the Li* transport data. As mentioned previously,
these parameters were only one set of alarge number of possible solutions. The problem
was inherently nonunique due to the lack of Na' and Ca* transport data for these

experiments.

3.4. Results and Discussion

The amount of Li* injected in the tracer pulses for tests 1 and 2 were 49% and
53% of the total cations in solution, respectively, whereas in test 3 the amount of Li* was
only 22% of the total cations in solution. The rising portion of the Li* BTC was explained
quite well using a simple retardation approach (Figure 3.1), but the tail was not matched
using this approach. Also, the asymmetric elution pattern for Li* in test 1 (Figures 3.1,
3.2) and test 2 (Figure 3.3) was not as evident in test 3 (Figure 3.4). This behavior can be
explained as follows. First, the tracer pulse of Li* moved through the column and
exchanged for Na" and Ca?*, which resulted in the delay in the Li* breakthrough curve
(BTC) relative to Br". Second, the high concentration of Li* relative to the total cationsin
solution in tests 1 and 2 caused the early elution of Li* from the column in order to
maintain mass and charge balance in the system. It follows that the less pronounced
secondary plateau in test 3 was due to the lower concentration of Li" relative to the total
cations in solution. Figures 3.2-3.4 show the BTCs for the three tests with the numerical

simulations incorporating the mass action equations (3.2) — (3.5) listed above. The



multicomponent model provided a much better fit to the asymmetric Li* BTCs than the

linear retardation factor approach.

Figure 3.1. Transport data (symbols) from test 1 with mode fits (lines) using a

linear retardation approach for Li".
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Figure 3.2. Transport data (symbols) from test 1 with modd fits (lines) using an ion
exchange approach for Li*. Modé fits for Na* and Ca’* are based on the least sum-
of -squares differences for al three tests, as determined from the optimization

method PEST [Dougherty, 1999].
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Figure 3.3. Trangport data (symbols) from test 2 with mode fits (lines) using anion
exchange approach for Li*. Model fits for Na' and Ca** are based on the least sum-

of -squares differences for al three tests, as determined from the optimization

method PEST [Dougherty, 1999].
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Figure 3.4. Transport data (symbols) from test 3 with mode fits (lines) using an ion
exchange approach for Li*. Model fits for Na" and Ca’* are based on the least sum-
of -squares differences for al three tests, as determined from the optimization

method PEST [Dougherty, 1999].
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Table3.3. List of best-fit model parameters. The retardation factors were determined for
Li* from the rising portion of the BTC using an analytical solution of the 1-D advection-

dispersion equation for reactive solutes.

Modeling Parameters Test 1 Test 2 Test 3
Retardation factor® 1.8 2.0 2.3
Solute residence time (hr) 1.8 7.6 7.6
Peclet number 375 225 1025
Best-fit selectivity parameters’
CEC (meq kg™ 36.5
Kiiwa 0.4306
Kcana 11.16
Selectivity coefficients, Appelo Klina K cana
and Postma [1993] 0.833- 1.05 1.67-3.33

*Based on the separation of the rising fronts of the Br and Li" breakthrough curves.
Combination of parameter values maintaining the smallest sum-of-squares differences obtained
from PEST.

Table 3.3 lists the model parameter estimates for the three tests. The modeling
results using the ion exchange approach matched the tracer data quite well for all three
tests. The rising portions of the Li* curvesin all three tests were delayed by a factor of
about two, matched using the linear retardation model. However, the Kp valuesfail to
explain the Li* tailing behavior. The declining portionof the Li* curvesin tests 1 and 2
initialy follow the declining portion of the Br™ curves. As the tracer-free groundwater
moved through the columns, Na' and Ca®* in the solutions exchanged with the sorbed
Li*, and the column attained a new equilibrium state. The Li* curves reached a plateau of
relatively constant concentration that continued during the elution of about two pore
volumes. The heights of these Li*, Na', and Ca?* plateaus between about 4 and 6 pore

volumes reflected these new equilibrium corditions in the columns. The plateaus
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persisted until all the Li* was desorbed and flushed from the system (based on the
approximately 100% recovery of injected Li" in all three tests). The duration of the
plateaus was dictated by the ion exchange equilibria, the CEC of the media, and the mass
of Li" introduced to the system. If either the mass of Li* injected was larger or the CEC
of the rock were larger, the duration of the plateaus would have been longer.

The values obtained from the PEST optimization procedure (all three tests
optimized simultaneously) were K iwa = 0.431, Kica= 11.2, and CEC = 36.5 meq kg*
for al three experiments. This value for CEC was the same as that measured in cation
exchange capacity tests for Li* on another sample of this core [Anghel et al., 2000]. We
assumed that the packing of the columns was the same within the range of analytical
uncertainty, therefore the best- fit values for K iwa, KLi\ca, and CEC for al three tests were
determined simultaneously. However, because K| j\wa and K j\ca are indirectly related
through Na'-Ca?* exchange, there does not exist a unique solution to these parameters.
Transport datafor Na" and Ca?* are necessary to constrain the problem and arrive at a
unique solution for Ky jwa and K j\ca. Unfortunately, the effluent collected during the
tracer tests was analyzed only for Li* and Br". Thus, the values of K| jwa and Kpica were
optimized for al three tests smultaneously using PEST which minimized the sum of
squares differences between the model and the Li* data.

These modeling efforts indicate the importance of other cations in solution on the
transport of a cationic tracer species. The ion exchange model produced good fits to the
data and underscore the importance of considering electroneutrality (charge balance)
requirements in a system where multiple cations participate in ion exchange. For

example, Figure 3.5 shows numerical predictions of tracer experiments with flow



conditions the same asin test 2 but at various LiBr concentrations. When the fraction of
the tracer cation relative to the total cations in the system approaches unity, the separation
of the Br and Li* BTCs after the peak concentrations becomes smaller due to mass and
charge balance requirements. It is al'so important to note that the apparent retardation of
Li* decreases with increasing concentration; i.e., the separation of the rising limbs of the
Br  and Li* breakthrough curves is substantially decreased (compare Figure 3.5a and
Figure 3.5d). While our results emphasize multicomponent transport patterns during
pulse injections, this decreased tracer separation would also be important when
conducting tracer tests involving a step injection (continuous tracer injection); the
retardation coefficient deduced from tests of higher tracer concentration would be smaller
than at lower concentration conditions. Thus, tracer data obtained from a high-
concentration experiment would tend to underestimate the apparent retardation of a

cationic species at lower concentrations.
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Figure 3.5. Smulated breakthrough curves (semilog scale) for the conditions of test

2 at various Li": total cations ratios for the tracer injectate; (b) shows the same data

(symbols) and ssimulations (lines) as Figure 3.3.
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The transport of lithium ion through columns of crushed rock was affected by its

concentration relative to the other cations in solution. In three tracer experiments, the

fraction of Li* relative to the total cation equivalents in solution was 49%, 53%, ard 22%,

respectively. lon exchange was assumed to be the primary mechanism influencing Li*

transport, which caused the transport of Li* to be retarded relative to bromide, but this

retardation was less than would be predicted from alinear retardation (*K p”) mode. The

Li* tracer response was most likely a function of the CEC of the medium as well as the

relatively low concentration of the other cationsin solution (Na" and Ca?"). A portion of

the Li* moved through the column unretarded because of the finite number of cation
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exchange sites on the solid phase and the fact that the solid and solution reached
equilibrium before injection of Li" ceased. The resulting breakthrough curves from the
three column experiments were modeled effectively using a numerica method that
accounted for cation exchange reactions.

It is common to inject large masses of tracers to ensure detectable concentrations
at the sampling point(s). These data highlight potential complexities when interpreting
field tracer tests in which tracer concentrations greatly exceed the resident ion
concentrations. A substantial fraction of areactive solute may be transported faster than
predicted using a single-component (K p) approach. That is, the apparent retardation of a
cationic species during a high concentration tracer test would be smaller than that at
lower concentrations. A conceptual model that incorporates ion exchange equilibriais
required to explain and predict the transport of cations under high concentration

conditions.
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Abstract. We developed a simple ion-exchange model to describe the transport of a
cation (lithium) in fractured rock cores. The hydrodynamics of the system was
characterized by injecting two nonsorbing anions having different diffusion coefficients.
A numerical method based on a dual-porosity transport model was used to describe
advection in the fractures and molecular diffusion in the porous matrix, taking into
account species-dependent diffusion coefficients. Although the arrival and risein
concentration of lithium during the tests could be explained quite well with asimple
matrix retardation factor, the observed “tailing” of lithium was less than predicted,
especially in rock types having arelatively high cation exchange capacity. By explicitly

accounting for ion exchange reactions as well as charge balance in the dual-porosity
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model, ssimulations of lithium transport in the fractured rocks were much improved. We
conclude that accounting for ion exchange and charge balance is necessary to properly
interpret reactive transport experiments in fractured media, particularly when the
injection concentrations of cations are high relative to the groundwater, and when the

cation exchange capacity of the rock typeislarge.

4.1. Introduction

Transport in fractured media is often described using the dual-continuum
approach in which solutes or particles advect at different rates in two continua, often
fractures and unfractured porous matrix. This conceptual model has been used previously
by Barenblatt et al. [1960]; Grisak and Pickens[1980]; Grisak et al. [1980]; Neretnieks
[1980]; Bibby [1981]; Maloszewski and Zuber [1983; 1985]; Berkowitz et al. [1988];
Maloszewski and Zuber [1990; 1993]; Tsang [1995]; Ostensen [1998]; Wallach and
Parlange [1998; 2000]; Corapcioglu and Wang [1999]; Jardine et al. [1999]; and
Maloszewski et al. [1999]. The dual-porosity model is one form of the dual-continuum
concept, in which mass advects mainly or exclusively within the fractures with negligible
or no advection occurring in the surrounding unfractured porous tuff matrix. However,
solutes can access the matrix by molecular diffusion. Previoudly, the dual-porosity model
was shown to accurately describe the transport of nonreactive solutes in fractured
volcanic tuff cores [Callahan et al., 2000]. Initial attempts to model the transport of a
reactive solute (lithium ion) using a simple linear retardation model were inaccurate,
especially for rock types of high sorption capacity. We hypothesized that the high

concentration of Li* injected in the cores (relative to the other cations in the system,



predominantly sodium and calcium) resulted in asymmetric chromatographic separation
of the solute breakthrough curves (BTCs). This assumption is based on a previous study
of Li* transport in laboratory columns containing crushed samples of similar volcanic tuff
[Callahan et al., 2001], in which three columns containing crushed vol canic tuff were
injected with a pulse of LiBr solution and the effluent was monitored for Li* and Br
concentrations. The resulting BTC for Li* was a function of the ratio of Li* to the other
cations in the system (Na' and Ca?") as well as the cation exchange capacity (CEC) of the
crusned tuff.

The phenomenon of asymmetric chromatographic separation in high
concentration tracer tests has been reported elsewhere [Valocchi et al., 1981&; b;
Charbeneau, 1988; Appelo et al., 1990; Appelo and Postma, 1993; Appelo et al., 1993;
Mansdll et al., 1993; Cernik et al., 1994; Appelo, 1994; Bond, 1997; Vulava, 1998]. The
purpose of this study was to determine whether a multicomponent approach, which
included ion exchange equilibria, could better describe the transport behavior of Li* in
the fractured tuff cores. A better understanding of multicomponent effects in fractured
media could lead to more accurate assessment of transport in contaminated aquifers,
especially when predicting contaminant transport based on the behavior of tracers

injected at high molar concentrations.

4.2. Theory
Solute transport in saturated, fractured volcanic tuff can be described using the
dual-porosity concept if the hydraulic conductivity of the fractures is appreciably greater

than that of the bulk unfractured tuff (i.e., two or more orders of magnitude greater)
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[Tang et al., 1981; Maloszewski and Zuber, 1983; Callahan et al., 2000]. The governing

equations for a dual-porosity system are

C ’C C
Rf 1 t_ Df 1 2f v, 1 f + anm ﬂCm| (41)
qt X ix bn, Ty |y:b
1C,, 1°C,,
TR @2

where R [-] is the retardation factor for solute in the fracture, C; [M L] is the solute
concentration in the fracture, Dy [L? T} is the hydrodynamic dispersion in the fracture, x
[L] is the flow distance within the fracture, v; [L T] is the fluid velocity in the fracture,
ns [dimensionless] is the porosity within the fracture (unity for open fractures), nny,
[dimensionless] is the porosity of the matrix, D, [L? T1] is the molecular diffusion
coefficient of the solute within the matrix, b [L] is the half-aperture of the fracture (B=2b
is the total fracture aperture), Ry, is the retardation factor for solute in the porous matrix,
Cm [M L] is the solute concentration in the porous matrix, y [L] is the diffusion distance
between the fracture and the matrix, and t is time (Figure 4.1). Advection occurs in the
fracture, and the aperture is assumed to be constant. Transport in the matrix is due to
molecular diffusion. The boundary condition for the porous matrix in a system with one
fracture is

C.(y® ¥,1)=0 (4.3)

For the volcanic tuffs studied here, the ratios of fracture to matrix permeability
were 10° to 10°, measured using a falling- head permeameter technique. During the tracer
experiments, the solute residence times in the fractures were long enough to allow

molecular diffusionto distribute the solute mass across the aperture of the fractures;
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therefore advection in the fractures was assumed to be one-dimensional [Hull et al.,

1987; Callahan et al., 2000].

Figure 4.1. Schematic drawing of the dual-continuum (duakporosity or duak

porosity/dual- permeability) model.

Ay

Using a Laplace transform inversion technique within the Reactive Transport
Laplace Transform Inversion code (RELAP) [Reimus and Haga, 1999], the time
variablesin (4.1) and (4.2) were removed, resulting in ordinary differential equations.
The dimensionless form of the combined solution of the equations in Laplace space
shows that the three parameters dictating transport of nonreactive solutes through a dual-
porosity system are the mass transfer coefficient (MTC = (nm/B)** Dn); the Peclet number
(Pe = (x*v¢)/Dx); and the mean solute residence time (t = x/vy) as parameters that dictate
solute transport. These parameters can be estimated for a dual-porosity medium either by
collecting transport data for one nonreactive solute in multiple tracer tests or from one
experiment using multiple nonreactive solutes of different diffusion coefficients
[Callahan et al., 2000]. Here, the latter method was used; data for the nonreactive solutes
bromide ion and pentafluorobenzoate (PFBA) were analyzed to provide estimates of the
above transport parameters. These estimates were then fixed in the Reactive Transport

Multicomponent code (RETRAN-M), which accounts for cation exchange of the reactive
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solute lithium and charge balance while obtaining numerical solutions to the advection
dispersion equation. The ion exchange mass action equations for lithium exchanging with
sodium and lithium exchanging with calcium (exchange coefficients were K jywa and
KLica respectively) are described by Callahan et al. [2001]. Also used in the numerical
model was the cation exchange capacity coefficient, CEC. The numerical model was
calibrated using these three parameters as well as the transport parameterst, Pe, and

MTC obtained from the nonsorbing solute responses using the inverse method RELAP.

4.3. Methods

The solute transport experiments were conducted following the procedure in
Callahan et al. [2000]. Four separate cores of volcanic tuff were obtained from the C-
Wells tracer test complex near Y ucca Mountain, Nevada. The rock types were ash flow
tuffs with varying degrees of welding. Cores 1, 2, and 3 were from the upper, central, and
lower flow zones of the Prow Pass Tuff Member, respectively. Core 4 was from the
lower flow zone of the Bullfrog Tuff Member. Both the Prow Pass and Bullfrog Tuff are
part of the Crater Flat Tuff Formation [Geldon, 1993; Callahan, 2001]. The mineralogy
was determined using quantitative X-ray diffraction (QXRD). Core 4 (lower flow zone of

the Bullfrog Tuff) contained the highest percentage of clay and zeolite minerals, 9 + 3 wt.

% smectite, 4 + 1 wt % clinoptilolite, and 13 + 1 wt. % analcime. (The complete QXRD
results can be found in the electronic file “QXRD.XLS’ on the compact disc attached to
Callahan [2001]). A single fracture was mechanically induced in each of the four cores.
The cores were laid on a cement floor and a four-pound hammer and chisel were used to
induced a fracture lengthwise. The cores were then encased in an epoxy and Plexiglas

column apparatus following the procedure of Callahan et al. [2000].
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A steady-state flow field was established in each core by continuously injecting
degassed, filtered groundwater obtained from well J-13, approximately 4 km SE of the C-
WEeélls site [Fuentes et al., 1989; Geldon, 1993]. The C-Wells water and J 13 well water
are dominated by sodium, calcium, and bicarbonate ions and are chemically similar
[Fuentes et al., 1989]. A pulse of tracer solution containing LiBr, PFBA, and sodium
iodide (Nal) dissolved in well J-13 water was injected into the cores. After injection of
the tracer pulse, continuous injection of tracer-free well J-13 water was resumed. The
effluent was monitored for the tracer ions as well as for Na" and Ca?* usingion
chromatography (IC) for Br and PFBA analysis and inductively-coupled plasma atomic
emission spectrometry (ICP-AES) for analysis of Li*, Na', and Ca®*. The detection limits
were 0.05 mg L for Li* and Ca?*, 0.5 mg L™ for Na&', 0.04 mg L for Br, and 0.02 mg
Lt for PFBA. Flow was interrupted at |ate times in each test to verify the physical
nonequilibrium between the water in the fractures and in the porous matrix of the tuff
cores [Brusseau et al., 1997]. The experimental conditions for the tracer testsare in
Callahan [2001]. One tracer test each was conducted for cores 2, 3, and 4; core 1 was
tested twice under similar flow conditions to study the reproducibility of the tracer

parameters.

4.4, Results and Discussion
4.4.1. Core 1 Results

The ionrexchange parameters K iwa, KLica, and CEC were determined by visually
fitting the model results from RETRAN-M to the transport data for each test. Modeling

results for the two tests conducted on core 1 are shown in Table 4.1 and Figures 4.2 and
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4.3. Two experiments were conducted in this core under similar flow conditions to
determine reproducibility, and the figures illustrate that the transport behavior of the
solutes were nearly identical. For test 1, the best-fit results for K jwa and K j\ca Were
0.005 and 0.079, respectively; for test 2 K| j\na Was 0.008 and K j\ca Wwas 0.103. These
values obtained from RETRAN-M are essentialy identical due to the relative
insensitivity of the model to K ja and Kiica. The best-fit CEC value for each test was
19.9 meq kg, the same as that measured in cation exchange capacity experiments on a
separate crushed sample of this rock unit [Anghel et al., 2000]. Figure 4.4 shows
comparisons to the best-fit results and the data for core 1, test 1. The three smulations
were generated using the same experimental and modeling parameters, except that for
each successive simulation, one ion exchange parameter was increased by a factor of five
while holding the other two parameters constant. Figure 4.4 shows that the sensitivity of
RETRAN-M increasesin order of K| j\ca KLiwa and CEC. Because the ion exchange
equilibria depends on [Ca®*] to a power half that of [Na] and [Li*] [Callahan et al.,

2001], the prablem is less sensitive to changes in K j\ca.



Table4.1. Best-fit model parameters for the fracture transport tests, cores 1 and 2 Core

descriptions are given in Callahan [2001].

Modeling Parameters  Core 1, test 1 Corel, test 2 Core 2
Porosity of matrix 0.27 0.27 0.14
Volumetric flow rate, Q (mL hr™) 4.0 4.0 6.0
Solute mean residencetime, t (hr) 8.2 7.5 2.0
Peclet number, Pe 3.0 1.7 15
_ o L 53.7 x 10° 94.7 x 10° 115x 10°
Dispersivity in fracture, a = Po (m)
Li* Retardation factor, R (-)° 2.1 2.4 43
Li* Partition coefficient, Ko (L kg™) 0.15 0.20 0.20
Mass transfer coefficient,  0.0533 (Br) 0.067 (Br) 0.0317 (Br)
MTC = (n,*/B°)Dy, (r") 0.0178 (PFBA)  0.033 (PFBA)  0.0106 (PFBA)
T Fractureaperture, B(m)° ~ 212x10° 19%6x10° 072x10°
Matrix diffusion coefficient, Dy, 9.0(Br) 9.6 (Br) 2.4 (Br)
(x 10 n? s1y° 3.0 (PFBA) 3.2 (PFBA) 0.8 (PFBA)
CEC (meq kg™), Measured 19.9 19.9 432
CEC (meq kg ™), Fitted 19.9 19.9 129.6
Kliwa 0.005 0.008 10.0
Kcana 0.079 0.103 100.0

*The Br  and PFBA data were fit smultaneously by constraining the Dy, ratio for Br:PFBA to 3:1.
The matrix diffusion coefficient for Li* was assumed to be 2/3 of the value for Br'.

®Calculated from the Li" transport data from rising portion of the BTC using the Reactive
Transport Laplace Transform Inversion code (RELAP) [Reimus and Haga, 1999].

“Based on therelationship B = (Qt)/(L w), wheret isthe solute mean residence time.

Determined from the MTC using the measured ny,, and the calculated B.
®Equilibrium ion exchange coefficients, determined from best fit to the Li*, Na', and Ca’* datafor

each test.



Figure 4.2. Transport data and RETRAN-M modeing results, core 1, test 1
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Figure 4.3. Transport data and RETRAN-M modeing results, core 1, test 2.
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Figure 4.4. Sengitivity of ion-exchange model to (a) Ky iwa (b) Kiica, @d (c) CEC
for core 1, test 1. Best fit values were K jwa = 0.005, K| j\ca = 0.08, CEC = 19.9 meq
kg‘l. While holding the other two parameters constant, the value of K. in () was

changed to 0.025, K, ¢, in (b) to 0.40, and CEC to 100 meq kg™ in ().
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4.4.2. Core 2results

Results from core 2 are listed in Table 4.1 and Figure 4.5. The best-fit results for
the ion exchange parameters K iwa and K jca were 10.0 and 100.0, respectively; the CEC
best-fit value was 129.6 meq kg*. The model simulations show a good match to the Li*
and Na" data; however the model did not match the Ca?* data very well, as seen in the
log-log plot of Figure 4.5. Sodium hydroxide (NaOH) was added to the tracer solution to
adjust the pH to 7.8 (dissociation of the PFBA resulted in an initial pH of about 3).
Therefore, ion exchange was dominated by exchange between Li* and Na' in this tracer
test. On the other hand, in the two experimentsin core 1, Li* was the only cation added to
the tracer solution (the pH of the tracer solutions for the core 1 tests was buffered using
LiOH). Both Na" and Ca?* were present at background concentrations (2 meq L' and

0.65 meq L™, respectively) in these experiments.



Figure 4.5. Transport data and RETRAN-M modeling results, core 2.

Concentration (meq/L)

Concentration (meg/L)

30
25
20
15
10

100

10

0.1

0.01

0.001

Central Prow Pass (core 2)

o Li — Li model
A Br —— Br model
o PFBA — PFBA model
o Na —— Na model
x Ca —— Ca model

20 hr flow interruption

200 400 600
Volume eluted (mL)

Log transformed Plot

10

4.4.3. Core 3results

100 1000 10000
Volume eluted (mL)

Table 4.2 lists the modeling results for the transport test conducted in core 3 and

Figure 4.6 shows the tracer data and model simulations. The best-fit model results for

K Liwa @d K i\ca Were 0.5 and 1.12, respectively. The mode fits matched the Li* and Na'
data, but for the Ca?* data, the model approximated the BTC pattern but was lower in
magnitude. This result is similar to that for core 2. The best- fit CEC vaue was 3.19 meq
kg, ten times less than the measured value [Anghel et al., 2000]. This was the only test
in which the measured CEC value was greater than that deduced from the fractured tuff

core transport data. It isimportant to note for this experiment, HCOs', I', OH", and CI,
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balanced the cations but their BTCs were not shown for clarity of the graph. This applied
to the other experiments as well, but the tracer test in core 3 was the only one to exhibit

charge imbalance (cations > anions). The reason for this charge imbalance is unclear.

Table4.2. Best-fit model parameters for the fracture transport tests, cores 3 and 4. Core

descriptions are listed in Callahan [2001].

Modeling Parameters’ Core 3 Core 4
Porosity of matrix 0.29 0.30
Volumetric flow rate, Q (mL hr™) 11.4 4.9
Solute mean residence time, t (hr) 0.8 4.2
Peclet number, Pe 175 46.
_ o L 6.63x 10° 472x 10°
Dispersivity in fracture, a = — (m)
Pe
Li* Retardation factor, R (-)° 1.2 6.9
Li* Partition coefficient, Ko (L kg™") 0.037 0.95
Mass transfer coefficient, 0.183 (Br) 0.0767 (Br)
MTC = (n,*/B*)Dy, (hr™) 0.0611 (PFBA) 0.0256 (PFBA)
"""""" Fractureaperture, B(m°® ~ 082x10°  100x10°
Matrix diffusion coefficient, D,, 4.13 (Br) 2.4 (Br)
(x 10 n? s1y° 1.38 (PFBA) 0.8 (PFBA)
CEC (meq kg™), Measured 31.9 180
CEC (meq kg™), Fitted 3.19 270
Kiina 0.50 9.0
Kcana™ 112 329

*The Br  and PFBA data were fit smultaneously by constraining the Dy, ratio for Br:PFBA to 3:1.
The matrix diffusion coefficient for Li* was assumed to be 2/3 of the value for Br'.

®Calculated from the Li* transport data from rising portion of the BTC using the Reactive
Transport Laplace Transform Inversion code (RELAP) [Reimus and Haga, 1999].

“Based on therelationship B = (Qt)/(L w), wheret isthe solute mean residence time.

Determined from the MTC using the measured n,, and the calculated B.

®Equilibrium ion exchange coefficients, determined from best fit to the Li", Na', and Ca* data for
each test.



Figure 4.6. Transport data and RETRAN-M modeling results, core 3.
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4.4.4. Core 4results

Data obtained from the transport test in core 4 indicate a higher sorption capacity
for Li* relative to the other three rock types. Experimental and best-fit model results are
shown in Table 4.2 and Figure 4.7. Figure 4.8 shows the model results from both the
single-component and ion-exchange models for Li* transport with the Li" data. This core
exhibited the most asymmetric Li* BTC. Quantitative X-ray diffraction measurements on
crushed samples of this rock type show significant fractions of clay and zeolite minerals

[Anghel et al., 2000]. In core 4, there was 9 = 3 wt. % smectite, 13 + 3 wt. % analcime,

and 4 £ 1 wt. % clinoptilolite. The other rock types contained £ 2 £ 1 wt. % of these
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minerals. The values of the ion exchange parameters K ja Krica ad CEC were much

greater for this core compared to the other three, aswas the Li* Kp value.

Figure 4.7. Transport data and RETRAN-M modeling results, core 4.
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Figure 4.8. Comparison of single-component and ion-exchange model results with

Li* data, core 4, test 1.
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4.4.5. Comparison of Data Collected from Different Methods

Table 4.3 lists the Li* partition coefficients (K p) and CEC values obtained from
different experimental methods. The best-fit model results for the CEC were greater than
that measured in the CEC experiments for core 2 and core 4 (the best-fit model result for
core 1 was the same as the measured value). This result may be due to the geometry
difference between the fractured tuff cores and the CEC samples. For the CEC tests, the
tuff samples were crushed and sieved to a particle size fraction of 0.075— 0.5 mm

[Anghel et al., 2000] and 30 mL of lithium acetate solution was mixed with 5 g of tuff.
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Assuming a particle density r , of 2.65 g mL %, the porosity ny, of the solid-solution
mixtures was 0.94 using the relationship nm = V/(V+MIr p), where V is the volume of
tracer solution and M is the mass of solids. Conversely, the matrix porosities of the intact
tuff coreswere 0.14 to 0.30 (Tables 4.1 and 4.2). Thus, the samples in the fractured tuff
core experiments provided a large surface area relative to the volume of solution added to
the sample and thus more ion exchange sites for Li*. If this hypothesis were correct, all
four rock types would show the same pattern of the best- fit model result being greater
than the measured value of CEC. It is not clear why the fitted value of CEC was less than
the measured value for core 3. Based on a single-component (K p) model, core 3 exhibited
the least amount of sorption capacity for Li* (Kp = 0.037 L kg?) in the fractured core
tracer test, which was much less than that measured in batch sorption experiments (Kp =
0.43 L kg?). It is possible that during the tracer test in core 3, the tracer solution did not
achieve complete equilibrium with the tuff material, as opposed to batch tests in which
the tuff sample was well mixed with the tracer solution. The diffusive mass transfer
coefficient was quite large (Table 4.2) for core 3, and we infer that this limited the

residence time of solutes in the porous matrix.

Table4.3. Comparison of Li" sorption data obtained from different experiments.

Li* Partition coefficient, Ky Cation exchange capacity, CEC
(L kg*) (meg kg™)
Batch tests® Tracer tests CEC tests’ Tracer tests
Corel, Test 1 0.15 19.9
Core1, Test 2 0078 0.20 199 19.9
Core 2 0.26 0.20 43.2 129.6
Core 3 043 0.037 31.9 3.19
Core 4 1.7 0.95 179.7 270.




“Callahan [2001].
®Anghel et al. [2000].
45. Conclusions

To model Li* transport in fractured tuff cores, a retardation factor approach was
initially employed. While the single-component retardation model explained the rising
front of the Li* BTC, it failed to approximate the entire Li" BTC, especialy for volcanic
tuff cores of high cation exchange capacity (CEC). By including ion exchange equilibria,
the model fits more accurately matched the Li* BTC, and the Na" and C&2* BTC were
also matched fairly well for all the experiments. Transport data for Na and Ca?* were
used to constrain the model to obtain the best-fit results for Ky iwa, Kiivca, and CEC,
unlike previous crushed tuff column tests where only Li* data were obtained [Callahan et
al., 2001]. The ion exchange model specifically accounted for the concentration of each
cation in the fractured tuff cores. This approach is superior to single-component models
that infer sorption isotherm parameters from the transport behavior of a reactive solute,
e.g., Freundlich and Langmuir sorption equations [ Reimus et al., 1999] because theion
exchange equations more accurately describe the fundamental processes that affect Li*
transport.

Using multiple solutes in tracer tests in fractured tuff provides information on the
hydrodynamic dispersion within fractures, diffusive mass transfer between water in the
fractures and water in the porous matrix, and the retardation behavior of reactive solutes,
al from a single experiment. However, injecting high concentrations of chemicalsinto a
system with a low ionic-strength water can drastically alter the transport behavior of
cations compared to their behavior under low-concentration injection conditions. The

traditional approach of estimating a retardation coefficient from tracer data is often used
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to predict the behavior of reactive solutes at low concentrations, but using this parameter
obtained from high concentration tracer tests can lead to large discrepancies. We have
shown that using the ion-exchange approach is necessary to explain the transport
behavior of cations at high concentrations and to increase the applicability of tracer test

interpretations to low-concentration conditions.
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5. On the Relationship Between Diffusive Mass Transfer and Scale in
Fractured Media
(In preparation for submission to Journal of Contaminant Hydrology)
Timothy J. Callahan'?, Paul W. Reimus', and Robert S. Bowmart
'Environmenta Science and Waste Technology Group, Los Alamos National Laboratory,
Los Alamos, NM 87545
Department of Earth and Environmental Science, New Mexico Institute of Mining and

Technology, Socorro, NM 87801

Abstract. The objective of this study was to determine whether matrix diffusion
parameters of fractured rock derived from lab tests are applicable at the field scale. We
performed transport experiments with nonreactive anion tracers in fractured rock cores at
different flow velocities. We observed that the characteristic times of diffusion for the
tracers were larger for tests conducted at slower velocities. This relationship between the
characteristic time of diffusion and flow velocity was apparently due to the larger relative
importance of free-water solute diffusion in fractures at small time scales. For longer-
duration laboratory experiments and field experiments, diffusive mass transfer was
dominated by diffusion into the unfractured porous matrix, Because of the influence of
free-water diffusion, caution must be exercised when applying laboratory-derived
diffusive mass transport parameters in fractured media to larger scales. These results
emphasize that studying pollutant transport over arange of scales will help determine the
relative importance of different transport mechanisms at different scales in heterogeneous

systems such as fractured porous rock.
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5.1. Introduction

Over the past severa years, numerous laboratory and field experiments have been
conducted in which solute transport processes were studied in saturated, fractured
volcanic tuff at the Nevada Test Site (NTS). One objective of this work was to determine
the influence of matrix diffusion on solute transport. Matrix diffusion can significantly
retard the movement of solutes through fractured rock groundwater systems [National
Research Council, 1996]; accounting for this process is critical in assessing potential
radionuclide migration at the NTS.

Laboratory-derived transport parameters are often used to predict the migration of
contaminants at field sites. Our objective was to compare the transport behavior of
solutes in fractured rock at different time and length scales, specifically to determine the
relationship between diffusive mass transfer and scale of experiment. In this study, tracer
transport data were obtained from fractured volcanic tuff cores from the C-Wells tracer
site near Y ucca Mountain, Nevada[Reimus et al., 1999; Callahan et al., 2000]. The cores
were 0.11 m to 0.22 m in length and the tracer experiments were conducted at average
residence times ranging from less than one hour to 150 hours. It was previoudy shown
that diffusive mass transfer strongly influenced tracer transport in these cores [Callahan
et al., 2000]. However, Callahan et al. [2000] showed that the calculated diffusive mass
transfer coefficient, MTC = ny,?D/B? (Where B is the fracture aperture, ny, is the porosity
of the unfractured matrix, and Dy, is the effective diffusion coefficient of a solute in the
matrix) was larger for tests conducted at shorter time scales. Here we define the
characteristic time of diffusion as the inverse of the diffusive mass transfer coefficient.

The characteristic time of diffusion is the time required for a given fraction of solute
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mass to diffuse from the fracture into the porous matrix; tp = B%(nm°Dp). The
characteristic time of advection is the mean residence time of a solute in the fracture; t =
L/v, L isthe flow length and v is the average linear velocity of the solute.

In this study, we examine scaling of diffusive mass transfer as a function of
advective time in systems of fixed geometry (the laboratory experiments), and we also
examine this scaling behavior asit is extended to field-scale tracer tests in which the
fracture geometry is largely unknown and distance scales are much larger than in the
laboratory tests. We propose that transport of solute tracers in fractured volcanic rocks
over short time scales is influenced by small- scale heterogeneities in the fractures (where
diffusion occurs within stagnant water), whereas at larger scales, this process will have
less importance relative to diffusion into the porous rock matrix (henceforth referred to as
“matrix diffusion”).

The conceptual model we used to describe transport in heterogeneous porous
media such as fractured tuff is the dual-continuum, or “dual-porosity” model [Tsang,
1995; Lichtner, 2000], in which regions of flowing and nonflowing water are defined,
and diffusive communication between these continuais described using either a mass
transfer coefficient [e.g., Maraga et al., 1999; Callahan et al., 2000] or a characteristic
time of diffusion which is essentially a diffusion time constant [ Becker and Shapiro,
2000]. This diffusive mass transfer is often modeled as a first-order rate process, such as
in the transport parameter estimation code CXTFIT (version 2.0) [Toride et al., 1995].
Previous researchers have discussed apparent relationships between pore water velocity
and mass transfer rates in heterogeneous porous media [van Genuchten and Wierenga,

1977; Nkedi-Kizza et al., 1983; DeSmedt and Wierenga, 1984; DeSmedt et al., 1986;
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Schulin et al., 1987; Herr et al., 1989; Brusseau et al., 1991; Fischer et al., 1996;
Bajracharya and Barry, 1997; Maraga et al., 1999]; the conclusion from these studies
was that mass transfer rates decreased with pore water velocity. These cited studies
focused on aggregated porous material in which the heterogeneity of the system was
characterized by the fraction of mobile water relative to the total porosity. Our objective
was to identify scaling relationships between diffusive mass transfer and advection times
by studying the transport of nonreactive ionic tracers in fractured volcanic tuff cores at
different velocities, and comparing these data to field tracer data in the same rock units as

the laboratory samples.

5.2. Experimental Methods

It is often difficult to separate the effects of matrix diffusion from hydrodynamic
dispersion in heterogeneous media if transport data exist for only one tracer [Carrera et
al., 1998; Becker and Shapiro, 2000; Callahan et al., 2000]. Thus, we used multiple
nonsorbing solutes with different diffusion coefficients, pentafluorobenzoate (PFBA) and
bromide, in the same tracer test to allow us to separate the effects of diffusion between
stagnant and flowing water and dispersion in the flowing water in fractured volcanic
tuffs.

The transport of PFBA and Br in fractured ash flow tuffs was studied in both
laboratory and field experiments. The matrix diffusion coefficients of PFBA and Br were
determined in diffusion cell tests using unfractured wafers of volcanic tuff samples
obtained from the C-Wells tracer test site, near Y ucca Mountain, Nevada [Callahan et

al., 2000]. For the laboratory fracture experiments, one induced fracture was created in
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each of four volcanic tuff cores following the procedure of Callahan et al. [2000]. The
cores were obtained from the same stratigraphic intervals as the diffusion cell wafers. The
fractures were similar to natural fractures but did not have secondary mineral coatings.
Cross-well tracer tests were conducted at the C-Wells site near Y ucca Mountain, Nevada
[Reimus et al., 1999]. For both the lab and field tracer tests, a pulse of tracer solution was
injected and followed by a tracer-free groundwater flush. The breakthrough curves were

determined by analyzing the effluent for tracers as a function of time.

5.2.1. Diffusion Cell Tests

Nonfractured volcanic tuff wafers, about 0.01 cm long and 0.1 m in diameter,
were encased in epoxy and a Plexiglas deeve for diffusion cell tests, in which matrix
diffusion coefficients through the wafers were measured. The diffusion cell apparatus
consisted of a smoothly-cut piece of core (rock “wafer”) with the perimeter of the wafer
encased in alucite housing. Two water reservoirs were attached to either end of the wafer
unit, and one was filled with tracer solution while the other was filled with a synthetic
well water consisting of sodium carbonate and sodium bicarbonate that has similar pH,
Na’, and HCO3™ concentrations as water from well J13, 4 km east of the C-Wells site
[Fuentes et al., 1989; Callahan et al., 2000]. Wafers 1 —3 were from the upper flow zone,
the central flow zone, and the lower flow zone, respectively, of the Prow Pass Tuff
Member of the Crater Flat Tuff Formation and wafer 4 was from the lower flow zone of
the Bullfrog Tuff Member, also a part of the Crater Flat Tuff Formation [Geldon, 1993].
The experimental conditions are listed in Table 5.1. PFBA and LiBr were dissolved in the

synthetic well water and buffered to apH of 7.5 — 8.5 using NaOH [Reimus et al., 1999].
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Tracer-free synthetic well water contained 2 meg L2 Na" and 2 meq L™ HCO3™ and was
flushed through the “ clean water” reservoir at varying flow rates that were increased or
decreased depending on whether the rate of change of tracer concentrations in the
reservoir was large or small, respectively. Advection in the diffusion cell wafers was
avoided by orienting the diffusion cell apparatus such that the hydraulic gradient across
the wafer was zero [Callahan et al., 2000]. The diffusion of tracers through the wafers

was modeled using the diffusion equation described by Callahan et al. [2000].

Table5.1. Experimenta conditions for the tracer tests in the four diffusion cell wafers.

Experiment Flush rate Tracer concentrations (meq L™)
(mL hr) PFBA Br Li*
Wafer 1 05-8.0 6.3 5.0 5.4
Wafer 2 0.8-6.0 5.0 21 22
Wafer 3 15-3.2 4.8 16 16
Wafer 4 05-8.0 6.4 4.8 4.6

5.2.2. Laboratory Tracer Tests in Fractured Tuff Cores

Four cores of volcanic tuff 0.1 mto 0.3 min length and 0.1 m in diameter were
obtained from the C-Wells site near Y ucca Mountain, Nevada. One fracture was
mechanically induced in each core and prepared for column testing following the
procedure of Callahan et al. [2000]. A pulse of a mixed tracer solution containing PFBA
and LiBr dissolved in J 13 well water [Fuentes et al., 1989] and buffered with NaOH to a
pH of 7.8 — 8.0 was injected for each of the two tests conducted on each core (the
exception is core 1, in which three tests were conducted). The flow rates of the two tests

in each core differed by about an order of magnitude in order to study the effects of time
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scale on tracer transport. The experimental conditions for the nine tracer tests are listed in

Table5.2.

Table5.2. Experimental conditions for the tracer tests in the four fractured tuff cores.

Experiment Matrix Q Pulsevol.  Tracer concentrations (meg L™)
porosity, n,  (mL hr') (mL) PFBA Br Li*
Corel, Test 1 0.27 4.0 59.3 3.00 21.6 27.5
Test 2 4.0 60.7 3.00 21.6 275
Test 3 0.5 80.1 3.02 23.4 22.8
Core?2, Test 1 0.14 6.0 71.2 361 31.6 31.0
Test 2 0.4 74.0 3.02 234 22.8
Core3, Test 1 0.29 11.0 164 3.02 23.4 22.8
Test 2 0.5 79.0 321 24.2 23.7
Core4, Test 1 0.30 5.0 172 321 24.2 23.7
Test 2 0.5 162 3.00 21.6 27.5

A dual-porosity model was used to describe transport through the fractured tuff
cores [Callahan et al., 2000]. The use of this model was supported by the relatively high
porosity of the tuffs (0.14 — 0.30) and the fact that the permeability of the fractures was at
least five orders of magnitude greater than that of the porous matrix. The governing
equations describing the transport of nonreactive tracers in fractured dual-porosity media

ae

¢ _, 1°C. IS , n.D, 1C,|

= -V 5.1
it "o T Ix bn, fy |y:b 6.)
TERR IV 52)

where C; [M solute M™* solid] and Cin [M solute L liquid] are the solute concentrations
in the solid and liquid phases, respectively, Ds [L? T}] is the hydrodynamic dispersion of
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solute in the fracture, vi [L T] is the average linear velocity of solute in the fracture, nm
[-] isthe porosity within the matrix, b [L] is the mean half-aperture of the fracture, ns [-]
is the porosity within the fractures (ns = 1 for open fractures), x [L] is the direction of
flow in the fracture, Dy [L2 TY] is the effective diffusion coefficient of solute in the
matrix, and y [L] is the direction of diffusion between the fracture and matrix [Callahan
et al., 2000]. The solution to (5.1) and (5.2) in the Laplace domain using the boundary

conditions given by Tang et al. [1981] is [Callahan et al., 2000]

— €xv, & 4D, 4Dn,
C, (X)=expb——C1- [1+ " [D,s’ u (5.3)
gZDf § VA vib

XV
Defining the dimensionless Peclet number as Pe = D—f and the characteristic time of
f

. . . X .
advection, or the solute mean residencetimeas t =— [T], (5.3) can be rewritten
v

épece i -
C (%) =epocl- 142l g M 5l (5.4)
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where s [T] is the transform variable for Laplace space. We define the lumped

BZ

parameter t , = [T] asthe characteristic time of diffusion in the system. The

characteristic time of diffusion was defined similarly by Becker and Shapiro [2000]. The
total aperture B = 2b is used instead of the half-aperture.

The Reactive Transport Laplace Transform Inversion code (RELAP), described
by Reimus and Haga [1999], was used to simultaneoudly fit the responses of two
nonreactive tracers (PFBA and Br’) in the same medium using (5.4). Fitting the responses

of tracers of different diffusion coefficients injected simultaneously allowed us to
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successfully separate the effects of hydrodynamic dispersion and diffusion in the system.
To do this, we assumed that the two tracers had the same residence time and Peclet
number, so the difference in their response was due to their different characteristic times

of diffusion, tp.

5.2.3. Field Tracer Tests

Tracer tests were conducted at the C-Wells complex in southern Nevada between
1996 and 1999. Descriptions of the experiments are given by Reimus et al. [1999]. The
test objectives included obtaining estimates of fracture porosity, longitudinal dispersivity,
and diffusive mass transfer coefficients for performance assessment models of the
potential high-level radioactive waste repository at Y ucca Mountain, Nevada. PFBA and
Br were used as nonsorbing solute tracers in each field test. The laboratory diffusion cell
and fractured rock core tracer experiments were conducted to determine the applicability
of laboratory-derived parameters to field-scale transport. Transport in the field tests was
described using (5.1) and (5.2); the interpretation procedure was the same as that used by

Callahan et al. [2000].

5.3. Results and Discussion
5.3.1. Diffusion Cell Tests

The results from the diffusion cell tests are listed in Table 5.3. The diffusion
coefficients were roughly proportional to the log of the matrix permeability, which was

measured using a falling head method [Callahan et al., 2000].
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Table5.3. Molecular diffusion coefficients for PFBA and Br measured in the diffusion

cdl wafers.
Experiment  Permeability of matrix Diffusion coefficient in matrix (nt s7)*
(nf) PFBA Br
Wafer 1 472x 10" 19x 107 6.0x 107
Wafer 2 7.76 x 10 0.13x 10" 04x10™
Wafer 3 449 x 10*° 1.1x 10" 3.0x10™
Wafer 4 9.37 x 10" 0.35x 10" 1.0x 10"°

5.3.2. Fractured Tuff Core Tests

The modeling results for the fractured tuff core tracer tests are provided in Table

5.4. In generd, the characteristic time of diffusion was larger for the longer-term tests.

Also, the diffusion coefficients measured in the diffusion cdll tests were smaller than

those calculated from the tracer transport tests in the fractured tuff cores except for test 3

incore 1 (Table5.5).

Table5.4. Modeling parameters obtained from RELAP for the fractured rock core tests.

Experiment t Pe to (Br)
(hr) ) (hr)
Corel, Test 1 8.2 3.0 18.7
Test 2 6.5 3.9 15.0
Test 3 74.0 51 74.6
Core2, Test 1 20 15 315
Test 2 32.6 9.8 179
Core3, Test 1 0.8 18 5.46
Test 2 30.0 3.3 13.6
Core4, Test 1 4.2 46 13.0
Test 2 149.0 7.0 96.5
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Table5.5. Modd parameter results and estimates of effective surface areain the

fractured cores.

Experiment t B D, (Br) D., (Br)? AP Aut
(hr) (m) (n? s%) (n’ s™) (%) ()
Corel, Testl 82 212x10° 90x10™° 6.0x 10™° 0.031 0.019

Test2 65 196x10° 96x10™ 0.019
Test3 740 256x10° 28x10% 0.011
Core2, Tetl 20 072x10° 24x10™ 04x 107 0.033 0.041
Test2 326 088x10° 063x10% 0.019
Core3, Test1 0.8 082x10° 413x10"® 30x10™° 0.022 0.013
Test2 300 1.26x10° 39x10% 0.014
Core4, Tetl 42 100x10° 24x107° 1.0x10™ 0.041 0.033
Test2 1490 340x10° 3.75x10% 0.042

*Molecular diffusion coefficients measured in diffusion cell wafers (Table 5.3).

®Surface area of fracture, the product of the length and width of the fractured cores.

°Effective surface area of fracture, determined by using the D,, value from the diffusion cell tests
inthet calculation (Table 5.4) and the effective fracture volume for each test, Q*t.

Cussler [1984] and Hu [2000] state that molecular diffusion coefficients vary with
concentration, and it should be noted that the tracer concentrations for the diffusion cell
and fractured rock core tests were within an order of magnitude (Table 5.1, Table 5.2).
Assuming that the small difference in tracer concentration did not drastically affect the
diffusion process in the two methods, the diffusion coefficients obtained from the
diffusion cell tests probably better reflect the true bulk values in the porous matrix of
these rock types because diffusion through the porous medium was the only transport
mechanism in the wafers.

Callahan et al. [2000] hypothesized that the diffusive mass transfer coefficient

was larger for the shorter-term laboratory tests because of either free water diffusion
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within the fractures during the short-term tests, which was interpreted as matrix diffusion,
or asmaller effective fracture aperture than that deduced from B = Qt/Lw (i.e., asmaller
ratio of fracture volume to surface area, or smaller value of B). It is possible that free
water diffusion within the fracture was less important at larger time scales, and the
characteristic time of diffusion was therefore a functionof “true” matrix diffusion due to
the solutes accessing a larger volume of the porous matrix.

The fact that the diffusion cell experiments produced smaller matrix diffusion
coefficients than in the fractured rock core tests in the same rock types (Table 5.5)
supports the hypothesis that free water diffusion within the fractures was important
during the laboratory transport experiments. We inserted the diffusion coefficients

measured in the diffusion cell experiments into the expression tp = B%(nm°Dm) and

solved for the fracture surface area, A= [L?], where A= V/B,V = Qt; Visthe

_tQ
effective volume of the fracture [L] and Q [L® T}] is the average volumetric flow rate
during the tracer test. The effective fracture surface area was smaller than that based on
the length and width of the fractures for each test and for all the cores, except for test 1 on
core 2 (Table 5.5). This result suggests the flow was channeled in the fractures during the
transport experiments, which would allow diffusion within the adjacent stagnant water
(“free water diffusion”) to occur. Free water diffusion could have also taken place within

voids along the rough walls of the fracture surfaces. To consider the effects of free water

diffusion in the fractured tuff cores, we added a third domain to the dual-porosity mode.
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5.3.2.1. The Triple Porosity Moddl. If diffusive mass transfer was not a function
of experimental time scale, the best-fit model parameters obtained from one tracer test
should have fit tracer breakthrough curves obtained from all other tests in the same
system. However, this was not the case for the tracer experiments conducted on the
fractured tuff cores. Figure 5.1 shows the tracer data and model fits from RELAP for core
4, test 1. Core 4 was investigated because of the poor modéd fits to the transport data
using the dual-porosity model. The model fits assuming dual-porosity conditions match
the transport data fairly well. Prior to test 2, the model parameters were applied to the test
2 data (and accounting for the difference in experimental flow rate), which resulted in a
poor fit to the data (Figure 5.2). Therefore, it islikely that some process not represented
in the dual-porosity model influenced tracer transport during one or both core
experiments. We assumed that free water diffusion in the fracture, due to either flow
channeling or fracture surface roughness caused the dual-porosity model to be
unsatisfactory in describing transport in the cores. This hypothesis was supported from
observations of the fracture surfaces upon opening the cores (Figure 5.3; see Callahan,
[2001] for a description of the photography method). Therefore, a triple-porosity model
was used to improve the ability to fit the data from both tests witha single set of diffusion

parameters.
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Figure 5.1. Transport data and best-fit model results assuming dual-porosity

conditions, core 4, test 1.
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Figure 5.2. Modd fits and tracer transport data for core 4, test 2 using the duak

porosity parameter estimates obtained for test 1 and adjusted for the dower flow

rate. The transport propertieswere Pe=46,t =4.2hr,andtp, = (B =10x 10° m, n,

=0.30, D,, (Br) =24 x 10" n? s).
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Figure 5.3. Photograph of core 4 under ultraviolet (UV) light. Previous to opening, a
40-mL solution of latex microspheres, each sphere containing fluorescein, was
injected into the fractured cores (oriented such that the fractures were parallé to the
bench top) and the microspheres were allowed to settle onto the lower surface of the
fracture (flow direction was l€eft to right). The light-colored spots indicate the
presence of latex microspheres (10°m avg diam.). Length of coreis 0.22 m,

diameter is0.1 m.

Thetriple-porosity model is an extension of the dual-porosity model and can
account for the presence of atransition layer (Figure 5.4). It can also qualitatively
approximate the effects of flow channedling in a fracture. This approach is similar to that
assumed in anumerical study by Grenier et al. [1998], who considered flow channeling
in a fracture with diffusive mass transfer between all three domains of atriple-porosity

system. For this study, the Reactive Transport (RETRAN) code [Reimus et al., 1999] was
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adapted to account for athird domain consisting of nodes that were assigned separate
porosity values and matrix diffusion coefficients. We added a third equation to (5.1) and

(5.2) to account for mass transfer in the transition layer

1c, _p 1°C

- 55
ﬂt | ﬂ y2 ( )
Figure 5.4. Triple-porosity model describing solute transport in heterogeneous

geologic media This model can approximate a system in which atransition layer

exists between the advecting water in the fracture and the porous matrix.

“Real” system Model approximation
Dm
S AN g
—»V —V I8

B: fracture aperture

v: mean velocity in fracture

I: transition layer thickness

D,, D,,: molecular diffusion coefficients

A trangition layer 0.4 cm thick was added as a third continuum in the numerical
code. For core 4, the layer was assigned a matrix diffusion coefficient (Dy,) equal to 6.0 x
10° n? s for Br and 2.0 x 10*° n? s for PFBA and a porosity of 0.70. For the bulk
matrix, we assumed the corresponding values of 1.0 x 10*° n? s for Br and 0.33 x 10°°
n? s for PFBA; these were the values determined from the diffusion cell experiments on
a separate sample of core 4. The bulk matrix porosity was 0.30, the same as that
measured in independent porosity measurements [Callahan et al., 2000]. The values for
Peclet number and the characteristic time of advection from test 1 in core 4 were used to

model test 2 (the time of advection was adjusted in proportion to the different flow rates).
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These values provided the best visua fit to the test 2 tracer data (Figure 5.5) while having
the least effect on the fits to Br and PFBA intest 1. The improvement offered by the
triple-porosity model is seen by comparing Figure 5.5 to Figure 5.2.

Using the transport parameters determined for test 1, the triple-porosity fits to the
test 2 data are qualitatively better than those obtained assuming dual-porosity conditions.
It is possible that it would be more appropriate to model the fractures as having a series
of transition layers, each having unique diffusive mass transfer properties. Modeling
multi-rate diffusion has been attempted by others to explain and predict transport
behavior in heterogeneous media [Haggerty and Gorelick, 1995; Haggerty et al., 2000;
Fleming and Haggerty, 2001; Haggerty et al., 2001; McKenna et al., 2001]. These
conceptual models use a series of diffusion coefficients as solute is transported through
media containing a large size distribution of pores. The triple-porosity model described
here is a simple expansion of the dual-porosity model, and describes diffusion through a
series of domains, rather than in parallel. We feel this method is the most realistic and

best constrained concept for the fractured tuff cores.
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Figure 5.5. Triple-porosity model fits and tracer data for core 4, test 2using

parameter estimates obtained for test 1 and adjusted for the dower flow rate. We
assumed a transition layer 0.4 cm thick between the fracture and matrix domains.
The properties of the transition layer weren = 0.70 and D, = 6.0 x 10™° n? s* and
2.0x 10™ n s* for Br and PFBA, respectively (bulk matrix properties were n, =

0.30, D,y = 1.0 x 10™ n? s* for Br and 0.33 x 10™° n7’ s* for PFBA).

1
. Core 4, Test 2
8 08 T A Br
O Br model
:)./ 06 T o PFBA
< JETE - - - - PFBA model
o ~
o 04 T L _ _
= 215 hr flow interruption
g 02

o H

0 600

1
=)
Q
S 01T
3}
c
o
o
(<]
2 001 1°
<
©
a4 A

0.001 7
10 100 1000 10000

Volume eluted (mL)

5.3.3. Field Tracer Tests

The fractured tuff cores in the laboratory provided ssimplified systems for solute
transport in fractured rock due to the single-fracture geometry. Comparing the transport
results between media of much different geometries introduces additional uncertainties

associated with the application of the dual-continuum model. Table 5.6 lists the transport
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parameters obtained from the field tracer data. The variability and of the fracture
apertures in the field and the uncertainty of travel distancesin the fracture network were
undoubtedly much greater than in the single-fracture tuff cores. The effective fracture
aperture(s) in the field were probably larger than in the fractured tuff cores due to the
presence of multiple fractures as observed from downhole televiewers at the C-Wells
[Geldon, 1993]. Large fracture apertures would produce larger characteristic times of
diffusion calculated from tracer data. Using the matrix diffusion coefficient for Br’
obtained from diffusion cell tests and matrix porosity values measured on representative
samples in the laboratory, the effective fracture aperture for the 1996 test, as determined
fromtp (Table 5.6), was 0.09 cm for Path 1 and 0.3 cm for Path 2. For the 1998 test, the

effective fracture aperture was 0.7 cm.

Table5.6. Modeling parameters obtained from RELAP for the field tracer tests.

Experiment t Pe tp (Br)
(hr) ) (hr)
1996 Test, Pathway 1° 31-37 69 445
1996 Test, Pathway 2 640 — 995 17-3 5297
1998 Test 620 — 1230° 09-1.9 1186

A ssuming transport through two discrete flow zones in the aquifer [Reimuset al., 1999].
®Assuming radial flow (lower bound) or linear flow (upper bound) conditions.
“Based on assumption of linear flow (lower bound) or radial flow (upper bound) conditions.

Figure 5.6 shows the relationship between the characteristic time of diffusion and
the time of advection for the laboratory and field tracer tests. While it is debatable to

extend the laboratory data to field scales, the trend of increased characteristic time of
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diffusion with larger time of advection is evident within the laboratory data and appears
to extend to the field data.

Qualitative comparison of the lab and field data suggests that the process of
diffusive mass transfer in the field tracer tests was influenced predominantly by diffusion
within the porous matrix, and that the tracers experienced relatively large fracture
apertures compared to the tuff cores. Carrera et al. [1998] suggested that at larger scales
the relative importance of matrix diffusion will decrease, eventually producing an
asymptotic value for the characteristic time of diffusion that is constant for any small
flow rate or large travel distance. For thisfield system, the transport data suggest that this
asymmetric value, if it exists, will be obtained for characteristic times of advection than

the maximum characteristic time of diffusion calculated, 1230 hr (Table 5.6).



Figure 5.6. Plot of characteristic time of diffusion (tp) vs. characteristic time of
advection (t) for tracer testsin fractured volcanic tuffs. The lab data were obtained
from tracer testsin four rock cores 0.1 — 0.2 m long. The symbols represent the
results for Br in multiple-tracer experiments. The field dataare for Br and indicate
arange of t based on assuming either radia or linear flow conditions as lower and

upper bounds, respectively.
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5.4. Conclusions

Transport data for pentafluorobenzoate (PFBA) and bromide were obtained in
fractured volcanic tuffs using diffusion cell, fractured tuff core, and field tracer tests.
These transport parameters can be applied to field sites with the understanding that
certain caveats apply. We found that (@) the characteristic time of diffusion was larger for
tracer tests conducted at larger time scales for the laboratory fractured tuff cores and (b)

matrix diffusion coefficients calculated from tracer datain the fractured tuff cores were
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larger than those determined from both the diffusion cells and the field tracer
experiments. We hypothesized that this relationship between the characteristic time of
diffusion and time scale was due to either flow channeling in the fractures or the surface
roughness of the fractures, both which would result in a bias toward smaller characteristic
times of diffusion in the fractures at snorter time scales. For three of the four cores, the
effective fracture surface area calculated assuming that the diffusion coefficients obtained
from the diffusion cells applied to the matrix in the fractured cores was 20 % to 41 %
smaller than the measured fracture surface area assuming a constant aperture (i.e., length
by width). This result supports the flow channeling hypothesis. The effective surface area
of afourth core was 24 % larger than the measured surface area. However, it is likely that
the total surface area of each tuff core was much larger than that estimated from the
length and width because of the roughness. In the longer-term core tests and the field
tests, molecular diffusion within stagnant water in the fracture was probably less
important, and the diffusive mass transfer process was mainly due to matrix diffusion.
These results suggest that diffusive mass transfer controlled the migration of
solutes in fractured media but at short time scales, the diffusion mechanism was strongly
influenced by diffusion in stagnant water within the fractures of the cores. This free-water
diffusion causes an overestimation of diffusive mass transfer for transport in fractured
media at larger scales. Thus, tracer transport data obtained from laboratory experiments

should be used cautiously when predicting movement of pollutants at larger scales.
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6. Conclusions and Recommendations for Future Work

6.1. Conclusions

The conclusion from this work is that tracer transport parameters can be used to
describe and predict field-scale transport in fractured rock with the following stipulations:

a) the conceptual model can account for the process of tracer diffusion in free

water within the fractures; this process is most important for experiments

conducted at short-time scales because the ratio of matrix: fracture volume
accessed is small,

b) the physically-based ion exchange model is used to interpret cation tracer data

obtained after high-concentration pulse injections; the commonly- used linear

sorption (“K p”) model does not explain the tracer transport behavior and can
underpredict cation retardation.

Transport data from field and laboratory tracer tests in fractured rock indicate a
relationship between the diffusive mass transfer and scale. Even for a set of laboratory
experiments in the same fractured tuff core, the scale relationship is evident; that is, in
longer-term tests the characteristic time of diffusion is larger than in short-term tests. The
characteristic time of diffusion is defined ast p = B%/(n,>Dm), where B is the mean
fracture aperture, n, isthe porosity of the matrix, and Dy, isthe molecular diffusion
coefficient of a solute in the porous matrix. It was shown by Callahan et al. [2001a] that
atriple-porosity model more accurately describes solute transport for a short-term test
and provided a qualitatively better fit to longer-term tracer test data in the same fractured

tuff core. The triple-porosity concept effectively accounted for flow channeling in the
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fracture, which allowed molecular diffusion between the flowing and stagnant water
(“free water diffusion”) within the fracture. This process influenced the characteristic
time of diffusion more for short residence times, whereas in longer-term tests, free water
diffusion within the fracture was less important relative to true matrix diffusion. Thus, the
value of the characteristic time of diffusion at longer characteristic times of advection
more accurately reflected true matrix diffusion.

The importance of multicomponent effects increased with the ratio of the reactive
solute lithium to the total concentration of cations in solution. The lithium breakthrough
curves in two crushed rock column experiments, in which the Li* concentration was
about 50 % of the total cations, exhibited asymmetric chromatographic separation with
the counterion bromide. In athird column test, the concentration of Li* was 22% of the
total cations, and the asymmetric ion separation was less pronounced. These results have
relevance to field tracer tests in which high concentrations of chemicals are injected into
the aquifer to counteract dilution effects in the system. Although transport in fractured
mediais often complicated by diffusive mass transfer between domains, adding
multicomponent equations to transport models can increase their accuracy for modeling
ion-exchanging tracers suchas Li".

The multiple-porosity and multicomponent models discussed above provided
more accurate descriptions of solute transport in porous and fractured media. For certain
cases, such as short-term experiments or high concentration injections in fractured rock
cores, a single-component, dual-porosity conceptual model was insufficient, but by
adding equilibrium ion-exchange relationships to describe Li* transport under high

concentration conditions and a porous transition layer to capture the effects of free water
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diffusion at short time scales, more accurate interpretations to the transport data were
obtained. These results are vital for proper interpretation of laboratory-derived transport
data, and for appropriate application of laboratory-derived transport parameters such as
diffusive mass transfer and retardation coefficients to field scales. However, the large
difference between lab and field geometries must be accounted for when attempting to
scale up lab transport data. For transport in saturated, fractured tuff, lab data tended to
overestimate the rate of diffusive mass transfer compared to field mass transfer ratesin

the same rock units.

6.2. Recommendations for Future Work

The following recommendations are listed in order of relative importance. The
discussion of applying lab-derived diffusion parameters is followed by one on applying
tracer data obtained under high-concentration conditions to lower concentration
Stuations.

First, advancing the state of the art on multiple-porosity and multiple-rate
conceptual models used to describe transport through heterogeneous media such as
fractured rock is of paramount importance. Stochastic methods are often used to predict a
wide range of possible situations when studying contaminant transport issues. However,
the importance of the physical mechanisms at work are often overlooked. The models
developed in this work can be tested against other methods using the exceptionally high-
quality data sets produced here. Also, magnetic resonance imaging techniques can be
used to visualize solute transport in heterogeneous media. Such a method may be feasible

concurrent with traditional tracer tests. The uncertainty often associated with point-to-
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point tracer tests may be reduced by actually seeing where and how the tracer mass
moves within the system during tracer experiments.

As for the multicomponent effects discussed previoudly, the ion-exchange
approach would be greatly improved if ion-exchange coefficient data were generated at a
variety of concentrations. Usually, one bulk value is assumed for each ion-exchange
coefficient; Vulava [1998] has shown that ionexchange coefficients are a function of the
concentrations of each cation in solution. Thus, the traditional batch sorption experiment
is an oversimplified method that provides only a cursory gauge of the transport behavior

of reactive solutes in geologic media.

6.2.1. Triple-Porosity Effects

There have been many laboratory studies using visualization techniques to study
both one-phase and two-phase flow through fractures or fracture replicas [Per soff and
Pruess, 1995; Glass et al., 1995; Tidwell et al., 1995; Brown et al., 1998; Dijk et al .,
1999; Detwiler et al., 1999; Su et al., 1999; Detwiler et al., 2000; O'Hara et al., 2000].
Variable or rough-walled fractures have been shown to influence contaminant transport,
but the extension of these data to the field is limited to inferences of larger-scale
heterogeneity, for example, the relationship between fracture network geometry and fluid
flow patterns[Odling et al., 1999]. Previous research was conducted at the Chalk River
site, Ontario [ Raven et al., 1988] in which stagnant water regions in a fracture were
inferred from field tracer data. In addition, Dijk et al. [1999] used a nuclear magnetic
resonance (NMR) technique to view water flow in a natural fracture. They observed

regions where the flow velocity was not in the direction of the overall hydraulic gradient,
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assumed to be aresult of aperture variations in the fractures. However, Dijk et al. [1999]
did not measure solute concentrations in their study. It would be informative to determine
concentration gradients within the fracture, especialy in these regions of heterogeneous
flow. Diffusive mass transfer in free water in these fracture regions may be quite large
compared to that within a tortuous porous matrix. At this time, there is no proven method
of practically and accurately measuring concentration gradients within fractures. Imaging
studies of flow in fractures and fracture networks have been used to produce flow field
predictions [ Thompson, 1991; Brown et al., 1998], thus providing information on the
flow patterns in fractures that could then be used to predict solute distributions in the

fractures.

6.2.1.1. Magnetic Resonance Imaging of Transport Through Fractures. As
mentioned above, Dijk et al. [1999] used a nuclear magnetic resonance (NMR) imaging
technique to visualize flow through fractures. The NMR procedure provides an accurate
representation of the fracture geometry similar to the fracture cast technique. This
procedure has the advantage of being noninvasive, so flow experiments as well as tracer
experiments could be conducted during or after imaging flow.

The values of the characteristic time of diffusion for bromide in the fractured tuff
cores from the C-Wells site were related to solute residence time of the tracer test
[Callahan et al., 2001a]. Diffusive mass transfer is a function of the surface area between
the water in the fracture and the porous matrix. If the effective surface area is different
during short-term tests than during longer-term tests due to flow channeling, data

obtained from fracture casting and NMR techniques should verify this phenomenon.
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6.2.1.2. Fracture Cast Imaging. The aperture variability of rock fractures can be
measured by creating dyed silicone casts of rock fractures, photographing the casts on a
light table, and using computer software to correlate the amount of light transmitted to
cast thickness [Reimus, 1995; A. I. Abdel-Fattah, pers. comm., 2001]. Along with the
dyed silicone fracture casts, silicone “wedges’ of known thickness must be created,
providing the calibration necessary for the cast thickness calculation. A charge-coupled
device (CCD) camera can be used to photograph the calibration wedges and the fracture
cast. Image-processing software can then be used to generate a representation of the
fracture aperture with light transmittance as a function of position being inversely related
to cast thickness (and thus, fracture aperture).

Once the aperture geometry for the fractured rock core is known, it can be
incorporated into a numerical flow model. Interpretation of the transport data would be
more computationally intensive with a variable fracture aperture representation, but the
calculated flow field should, in theory, provide a more accurate representation of flow
patterns in the fracture. However, creating fracture casts requires open rock fractures and
may irreversibly ater the surface characteristics of the fractures, especially by increasing
the hydrophobicity of the fracture surfaces. Therefore, tracer experiments should be

conducted in the cores prior to casting.

6.2.2. Multicomponent Effects
For the case of acation M undergoing ion exchange in a hydrogeologic system,
the effects of chromatographic separation of the ions should be important only at high

values of the M: total cations ratio, for example near the injection well in a crosswell
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tracer experiment [Callahan et al., 2001b; 2001c]. It was shown that, for tracer testsin
columns of crushed tuff where the concentration of the cation tracer (Li*) exceeded two-
thirds of the total cation equivalents in solution, the apparent retardation of Li* relative to
the counteranion (Br’) was less than predicted using a linear isotherm (“K p”) model.
Because the solutes were dissolved in solution as LiBr, the high ionic concentration of
the nonreactive Br™ had to be balanced by the same number of equivalents of cations. The
resident concentrations of Na" and Ca?* in the system were too low to balance the Br
charge, and thus a significant proportion of Li" transported along with Br™ in solution.
The injection of large masses and hence high concentrations of chemicalsis often
necessary in field tracer tests in order to obtain analytically-detectable concentrations at
the measurement points due to dilution effects in the injection and production wells and
the aguifer. Interpreting the transport data of a reactive solute using a retardation factor
approach may be inadequate, especially for media having high sorptive capacities. The
data obtained from core 4 were not modeled correctly using a single-component dual-
porosity model based on Tang et al. [1981] and Maloszewski and Zuber [1985]. The data
were more accurately interpreted by adding ion exchange equilibria relationships to the

applicable transport model.

6.2.2.1. Exchange Coefficients vs. Concentration. Cation exchange coefficients
were calculated for Li'\Na' and Li"\Ca®* in single- and dual-continua media [Callahan et
al., 2001b, 2001c]. Because the values of these coefficients were determined by
minimizing the sum-of-squares differences between the data and the mode! fits to the

data, they are concentration-averaged over the entire transport experiment.

136



The mode is calibrated on two equilibrium constants for Li* exchanging with
either amonovalent cation or a divalent cation. Batch sorption data for this ternary
system would help validate and constrain model calibrations. Typical batch sorption
experiments usually focus on solute partitioning as a function of the concentration of only
one solute. The sorption of Li*, which is assumed to undergo ion exchange on the
volcanic tuffs, is aso afunction of the concentrations of the other cations in solution
(e.g., Ca®" and Na"). An experimental program that involves varying the concentrations
of al three cations in batch sorption tests would provide data for Li* sorption that could
be inserted directly into the transport model.

An example test procedure is described as follows. For each rock type, the
sorption of Li* should be measured in reactor cells using four starting concentrations of
Li*; 1, 10, 100, and 1000 mg L. At each initial Li* concentration, the concentration of
one co-cation would be held constant while varying the concentration of the other, and
then vice-versa. An example test protocol is shown in Table 6.1. Na" and Ca?* would
used because these ions are the main exchangers for Li* in groundwater from the C-
Wells, aswell as water from well J-13, near the C-Wells site, which was used as a
surrogate groundwater in the transport experiments of this study. Any similar test matrix
could be used for other groundwater systems, depending on the cation chemistry. A
similar approach was used by Vulava [1998] in his dissertation research on competitive
sorption of cations on soils. He showed successfully that the sorption thermodynamics for
each cation is dependent not only on its concentration but on the concentrations of the

other cationsin the system.
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Table6.1. Experimenta protocol to measure exchange coefficients as a function of

cation concentration.

Li* Na' Ca’ Li* Na' Ca’’ Li* Na' Ca’’
1 1 1 1 10 1 1 100 1
10 10 10
100 100 100 ‘

1000 1000 1000
1 1 10 1 10 10 1 100 10
10 10 10
100 ‘ 100 ‘ ‘ 100 ‘ ‘

1000 1000 1000
1 1 100 1 10 100 1 100 100
10 10 10
SEEREE RN

1000 1000 1000

6.2.2.2. Varying the Injection Concentration of a Reactive Tracer. A series of
tracer experiments in a fractured rock core could be conducted where the injection
concentration is varied between tests. The experiments would begin with alow
concentration test (ionic strength of injectate about an order of magnitude less than that of
the groundwater). This would be followed by tests of successively higher concentrations,
concluding with a test in which the ionic strength of the injectate is two to three orders of
magnitude greater than background. This approach is preferable to starting with a high
concentration test, which could complicate interpretation of transport data due to high
background concentration effects. This test matrix would indicate the critical
concentration at which the single-component dual-porosity model no longer describes

reactive tracer transport.
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